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ABSTRACT
8242

Experimental results are presented on the propulsion
performance of an MPD arcjet thrustor operated on
both gasecus and alkali metal vapor propellants., The
overall electric to thrust power efficiency appears to
be primarily a function of the specific impulse and
propellant type, and is quite insensitive to the abso-
lute value of either the input power or the applied
external magnetic field. The propulsion data ob-
tained for engine operation with gaseous propellants
at low mass flows is open to question because of the
existence of gas entrainment; operation of the MPD
arcjet thrustor with the condensable u#lkali metal
vapor propellants, and thus reduced test tank back
pressures, has raduced but not eliminated the
possibility of interaction between the acceleration
process and the test tank environment. Although

the performance of the MPD arcjet (> 50% efficiency
at 5000 seconds specific impulse) continues to look
attractive, work is urgently required to determine
the nature and exvant of the gas acceleration process.
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I. INTRODUCTION

A. PROGRAM OBJECTIVE

The objectives of th:s program, entitled Arc Jet Technology Research and
Deveiopment, corducted under Contract NAS 3-5900 with the NASA Lewis
Regearch Center, have been to explore the operation of the magnetoplasma~
dynamic (MPD)} arcjet thrustor and to evaluate the factors contributing to
thrustor life and overall energy conversion efficiency.

B. PROGRAM ORGANIZATION

This program originated fromn the Electric Propulsion Office of the NASA
Lewis Research Center. Mr. H. Hunczak was Project Mapager for the
Electric Propulsion Office. Dr. R.R. John was Project Director at Avco RAD
and Dr, S. Bennett was Associate Project Director. Principal Avco RAD
participants and the areas in which they contributed are: Dr. A. Tuchman,
Mr. G. Enos, and Mr. C. Simard, Thrustor Development and Performance
Testing; Dr. J. Yos, Thrustor Analysis; Dr. Tuchman and Mr. W. Powers,
Thrustor Diagnostics.

C. PROGRAM SCHEDULING

This is the Final Report submitted under Contract NAS 3-5900; it covers the
period from 3 June 1964 through 11 September 1965.

ALY

D. TECHNICAL SUMMARY

During the initial stages of the program, primary attention, both experimental
and analytical, was directed towards the exploration of increases in specific
impulse and efficiency which appear to be asscciated with operation of arcjet
thrustors at low propellant mass flow rates and high current levels, It was
postulated that thege increases resulted from self-induced magnetic field
effects, Apparent specific impulse values (thrust/mass flow rate) in excess
of 10,000 seconds were obtained in a water-ccoled arcjet engine with hydrogen
propella.t, at overall efficiencies of approximately 50 percent at power levels
in the range of 100 to 200 kw. Tests were made with other gaseous propellants
as well; in particular, argon, nitroger and ammonia were used. Engine
performance with ammonia was quite similar to that obtained with hydrogen,
particularly with respect to the efficiency-~-specific impulse curve, Simple
analyses were made of the engine performance hased upon the cathode jet
mechanisms proposed by Maecker, and fairly good agreement between the -
predictions of these analyses and the measured values was obtained.
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An external magnetic field coil was added to the engine to compare the
increases in specific impulse and efficiency obtained from the self-induced
field effec’s studied during the initial stazes of the contract period with those
due to c¢xternally applied magnetic field efiects. Propulsion data were obtained
with hydrogen and ammonia as propellants over a wide range of propellant
flow rates, arc currents, arc powers, and applied magnetic field strengths,
Overall efficiency values (at input power levels of 20 to 16C kw) for hydrogen
were found to be 25 percent at 3000 seconds, 30 percent 2t 4000 seconds, 40
percent at 5000 seconds. For ammonia (at input power levels of 20 to 80 kw)
the data indicated efficiencies of 30 percent at 3000 seconds, and 35 percent
at 3500 seconds. Some data were also obtained with helium, argon, and
nitrogen as propellants. An effort was made to separate the contributions to
the measured thrusts from the different thxust producing mechanisms--aero-
dynamic, self-induced, and externzl magnetic field effects.

Experimental data were next obtained which suggested that environmental test
tank gas entrainment may have been an important factor in the evaluation of
magnetoplasmadynamic (MPD) arcjet propulsion performance. Specifically,
the MPD arcjet was operated at a condition of zero masc flow (inlet gas off).
It was found that electrode erosion was negligible and that at a fixed arc
current the measured values of engine thrust and voltage for the gas-off
condition were quite similar to the values obtained for the gas on condition.
The results thus indicated that under at least some conditions of mass flow
rate and tank back pressure, the eatrained gas flow was of the same order of
magnitude as the metered inlet gas flow. Failure to include the entrained gas
flow in the estimates of engine thrust power would lead to overestimated values
for the thrust power and thus to overestimated values of the electric to thrust
power conversion efficiency.

In order to reduce the gas flow entrained by the MPD arcjet discharge an
effort was made to operate the MPD arcjet at as low a back pressure as
possible. Experiments with flowing ammonia and hydrogen were carried out
at back pressures of the order of 100 microns. By using condensable pro-
pellants, ¢.g., the alkali metals, which can be readily cryopumped, the
operating back pressure was reduced by at least three orders of magnitude to
about 10-! micron. Experiments were initiated using both cesium and
lithium as working fluids in order to obtain lower operating pressures; further,
cesium and lithium are both attractive as MPD arcjet propellants because of
their potentially high frozen flow efficiencies waen compared to hydrogen.
Preliminary datawere obtained with both cesium and lithium,

During the same period, work was initiated towards a study of magnet sub-
systems. A critical problem in the application of the MPD arcjet to either

a solar-electric or nuclear-electric powered spacecraft is the weight of the
required subsystems. The MPD arcjet is inherently a low voltage device,
and the power conditioning subsystem requirements are minimal; however, it
is likely that the MPD arcjet will require either a permanent magnet or
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el:ctromagnet to produce the required external magnetic field. A prelimiuary
study was carried out to determine the weight and power requirements of the
external magnetic field subsystem. It became clear from this study that the
critical parameter in the determination of the weight and power penaltics
associated with the external field was, as might be expected, the strength and
shape of the required field.

During the second half of the contract period, emphasis was placed upon
operation of a low power (5 to 10 kw) MPD arcjet with cesium as the propellant.
In 2 water-cooled thrustor design specific impulse values up to nearly 3000
seconds werse obtained, with no indication that any limit had been reached.

The anode heating losses were substantial under these conditions with between
50 and 70 percent of the input power lost in the arode. The overall propulsive
efficiencies were therefore only of the order of 10 percent at 2000 seconds

I, and 14 percent at 3000 seconds I3, . A radiation<cocled thrustor was built
and operated with cesium as the propellant, and preliminary propulsion data
were obtained with it,

With cesium as the propellant, the required pumping speed of the vacuum
system was greatly reduced compared to the value for operation in a gas
such as hydrogen. Much of the propellant condenses in the test tank and need
not be handled by the pumps. Thus a small diffusion pump was inserted into
the test system and allowed testing at running pressures of the order of 0.1
micron as measured by an ionization gai.je.

During the final quarter thrust data were obtainedusing cesium and lithium as
propellants with a radiation-cooled, low-power (5 tc 20 kw) thrustcr. Operating
ambient tank pressures as measured with an ionization Jauge were of the order
0f 0.1 to 0.2 micron, with ambient gas mean free paths of the order of the
dimensions of the test tank itself. Operation of the engine with cesium yielded
overali propulsive efficiencies of the order of 10 to 15 percent at specific
impulse values of 2000-3000 seconds. With lithium as propellant, propulsive
efficiencies of the order of 30 to 40 percent were obtained at specific impulse
levels of the order of 4000 to 5000 seconds.

A tentative model of MPD arcjet operation with cesium was developed.
According to this model the MPD arcjet is principally an electrothermal device
with the magnetic field serving in place of the conventional nozzle. Energy is
added to the propellant from the electric field in random: form. Expansion of
the propellant in the magnetic nozzle yields the high observed specific impulse
valnes. The model, though tentative, appears te explain certain qualitative
features of MPD arcjet operation which are not easily explained otherwise.

During this period also, measurements were begun to determine the distri-

bution of the magnetic fiéld and current density in the exhaust jet of the
thrustcrs. The measurements were made using Hall effect magnetic field
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probes to determine the magnetic field distribution, and the current density
distribution was determined from the measured magnetic field with the
aid oi Maxwell's equations. The preliminary data obtained indicate that a
rather sizeable fraction of the total arc current flows outside the physical
confines of the engine and lends support to the "magnetic-nozzle! analysis
put forth during the fourth quarter.

The following papers were presented during the past year:

1. Experimental Performance of a High Specific Impulse Arc Jet
Engine by R.R. John, S. Bennett, and J.F. Connors {(AJAA Preprint
64-669), AIAA Fourth Electric Propulsion Conference, Philadelphia,
Pennsylvania, 31 August to 1 September 1964.

2. Recent Advances in Electrothermal and Hybrid Electrothermal
Electromagnetic Propulsion, by R.R. John, and S. Bennett, Fourth
Symposium on Advanced Propulsion Concepts, Palo Alto, Califorania,
April 25 to 28, 1965,

3. Cesium Fueled MPD Arc Jet Engine Performance, by S. Bennett
G. Enos, R.R. John, and A. Tuchman (AIAA Freprint 65-296), AIAA
Second Annual Meeting. San Francisco, California, 26 July to 29 July
1965.
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iI., MPD ARCJET ENGINE

A, BACKGROUND

While arcjet engines and Hall accelerators have been under development at a
number of laboratoriesl,?,3 over the past five years, only within the past

two years has the specific impulse level of 2,500 seconds been exceeded. The
acceleration mechanisms which produce the greatly increased specific impulse
levels now attainable appear to be a combination of aerodynamic, self-magnetic,
and applied magnetic field effects. These mechanisms, in different proportions,
are now being used in the different laboratories to achieve specific impulse
values from 2,500 to 19,000 seconds, with major effort concentrated in the
3,000 to 5,000 second range. A basic geometry, illustrated in figure i,
characterizes virtually all of the improved accelerators. The units are
cylindrically symmetrical, consisting of a central cathode surrounded by a
coaxial anode. A magnetic coil is mounted coaxially with the thrustor, with

the thrustor exit plane generally slightly downstream of the downstream edge
of the coil.

ANODE
00000

+ 0000

0000
CATHODE 00000

Z— EXTERNAL

FIELD COIL

4-10328

Figure 1 SCHEMATIC OF HIGH IMPULSE ACCELERATOR

Reference 4 discusses in some detail five basic thrust-producing mechanisms
which have been identified in the literature as being characteristic of plasma
generators of the type illustrated in figure 1. These are (1) aerodynamic
pressure forces; (2) magnetic pumping; (3) magneti~ blowing; (4) aerodynamic
swirl induced by -4PD forces; and (5) Hall current acceleration.

With the thrust resulting from mechanism (1) defined a8 Tgey, 2nd the thrust
from mechanisms (2) and (3) a8 Tg ¢, it is shown in reference 4 that
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Taero Pc 4 {1)
and
Tsett = Tpump * Thiow (2)
where
-6 12
Toump = 51 x 1076 (2)
and
rR
Tpiow = 102x1075 2 [1/4+ In — 4
C

when the current enters the cathode uniformly after leaving the anode as 2
ring, or

f

Typow = 102 x 10753 12 ( —f—) (5)

&

when the current distribution at the cathode is similar to the distribution at
the anode.

In equations (i) through {5),

]
ft

aerddynamic thrust component, grams

chamber pressure, grams-force/cm2

v
n
"

throat area, cmé

o+
"

= self MPD thrust, grams

-]
»
LA
-

[

T, .m= mMmagnetic pumping thrust, grams

Tow= magnetic blowing thrust, grams

i = arc current, amp

L, = outer raaius of current distribution at anode, ¢cm

£ = outer radius of current distribution at cathode, cm.

b=



Toump results from the interaction of the axial discharge current density, j, ,
with the self-induced magnetic field, Bg. Tpiow results from the interaction
of the radial discharge current, j; , with the self-induced magnetic field, Bg.
Both Tyyy, and Tpyw Wwere identified by Maecker5,

The magnetic swirl mechanism,? is associated with the bulk rotation of

the gas and results from the interaction of the radial component of the current,
jr » with an axial component of the applied magnetic field, B,, and from the
interaction of j, with B,. In order to produce useful thrust, the rotacional
energy must be converted into axially directed kinetic energy by means of a
nozzle, This basic thrust mechanism has been described by, among others,
Hess, ® Ellis8 and Powers and Patrick9.

Finally, the fifth thrust mechanism results from the interaction of an induced
azimuthal Hall current, ig,» with the applied magnetic field. The most likely
thrust-producing interaction is the body force given by jyB, , but it is also
possible to achieve thrust from the pressure produced by jg B,. These
mechanisms have been investigated by Hess?, Seikel and Reshotkol0, Cannll,12,
Patrick and Powenrsl3, and Gourdinel4.

The tests performed during the early part of this contract period were made
with engines utilizing only a weak external magnetic field for arc rotation and
tested the first 3 of the 5 basic mechanisms (aerodynamic prersure forces

and the two mechanisms associated with self-induced magnetic field effects)
since their existence is not dependent upon the presence of an external magnetic
field. The remaining two mechanisms which result from the interaction of

the discharge current with an externally produced magnetic field were explored
during the remainder of the contract period.

B. X-2 HIGH IMPULSE ENGINE

1. Engine Configuration

During the course of the third year of the 30-kw arcjet engine program
"(Contract NAS 3-2593) a 50 to 250-kw liquid-cooled high specific impulse
engine was developed and designated as the X-2 design. A sketch of the
X-2 engine design is given in figure 2. The cathode consists of a water-
cooled copper rod with a tip of thoriated tungsten, The anode is water-
cooled copper. Propellant is injected tangentially upstream of the
cathode, swirls over the cathode tip and through the throat, and is ejected
immediately. There is no constrictor section in the X-2 design, and the
arc discharge between cathode tip and anode is not confined or constricted
over any appreciable length by a straight section, Moreover, the X-2
design need not include a ccnical exit nozzle., The nozzle exit plane is
very close to the throat (which is relatively large) and is joined to the
throat by a rounded contour.
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The elimination of the constrictor section was prompted by a desire to
operate an engine with very low mass flow rates. Experience with the
30-kw engines indicated that the anode attachment zone tends to be moved
upstream by reduction of the mass flow rate and that reduction below
some minimum value tended to move this attachment zone into the con-
stricted 1egion resulting in heavy constrictor damage and eventual engine
failure. The desired use of low mass fiow rates was also instrumental in
the decision to eliminate (or severely truncate) the nozzle since at low
mass flow rates and reduced operating pressures, viscous effects are
expected to become more important.

Shown as figures 2a and 2% are two variations of the basic configuration
which have been tested. The anode of figure 2b (engine design X-7 ™) is
a straight-through channel; that of figure 3 (engine design X-2C) includes
a short supersonic nozzle section. The X-2C engine was used for the
majority of the testing performed. For convenience, and comparison,
figure 3 shows a schematic of the X-2C high impulse arcjet engine;
figures 4 and 5 show photographs of the X-2C engine in assembled and
disassembled views.

2. Aauxiliary Magnetic Field

a. Weak Field

For the exploration of the thrust mechanisms arising from self-

induc :d field effects, an external field coil which produces a maxi-
mum axial field strength of 500 gauss was used. The coil consisted
of seven 9-inch diameter turns of water-cooled copper tubing, and
was separately excited by rectifiers independent of the main discharge
power supply. The coil has been mounted both on the test tank, and,
in a separate series of experiments, on the thrustor. In the first
case accelerating forces exerted by the magnet on the propellant
should not be sensed Ly the thrust stand, and in the second case these
forces, if they exist, should be sensed.

A map of the magnetic field produced by this coil is shown in figure

6. Each arrow represents a measared value of the magnetic field
strength at a coil excitation current of 1200 amp. The length of the
arrow is proportional to the magnetic fiald strength, and its direction
is that of the field at the point. The d.shed lines of figure 6 have been
sketchedin using the measuredfieldvz'uesas guides. The field strength
has also been measured as a function of excitation current, and exhibits
linearity over the range of excitation current 300 to 1500 amperes,

i.e.,B{r,z) =k Ifierd -
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3.

The value of applied magnetic field strength did have an influence

on thrustor performaace, although this influence was small. Figure
7 shows measured X-2C engine thrust as a function of coil excitation
current at an engine current of 2000 amp and a propellant mass fiow
rate of 0.050 gm/8sec of hydrogen. For these mea’surements the coil
was mounted on the test tank, so that the improvement in thrust as
coil excitation current is increased is not a result of reaction force
on the magnet. It is possible that increased axial field sirength
improves engine operatior by moving the anode attachment r=gion
downstream, increasing r, in equation (3} and thus enhancing Ty
Engine efficiencies were shghtly higher with the coil mounted on zhe
engine, indicating that there is some reaction force on the magnet.
The difference between magnet-on-thrust-stand and magnet-on~tank
efficiency was, however, only of the order of the experimental
scatter. The magnetic nozzle model which will be detailed in a later
section may well account for both facts and discussion is therefore
postponed to a later section.

b. Strong Field

The thrust mechanisms arising from interactions of the current dis-

‘charge with externally produced magnetic fields were explored using

a field coil capable of producing a magnetic field strength of the order
of 3 kgauss, The magnetic field coil was wound around the body

of the engine with its axis coincident with the axis of the engine. The
coil had an inner diameter of 7 inches, an outer diameter of 17 inches,
and was 1-3/4 inches long. It consisted of 40 turns of 3/8-inch o.d.
copper tubing and was water-cooled. The center of the coil was ad-
justed to coincide with the cathode tip. The maximum axial magnetic
field strength at the center of the coil was limited to about 3 kgauss

at a current of 1800 amp by the heat generated in the coil. The
magnetic field strength was linearly dependent upon the current.

Figure 8 shows a mapping of the magnetic field. Each arrow re-
presents a measured value of magnetic field strength. Ite length is
proportional to the field strength, and its direction is along the field
at the point. The measured values have been used as guides to sketch
in the field lines--shown as dashes in figure 8. The coil has been run
at currents from 300 to 1200 amp, corresponding to an axial magnetic
field strength in the range 0.5 to 2.0 kgauss,

Test sttems

a. Environmental Tank

The X-2C MFD arcjet was tested in a cylindrical aluminum environ-
mental tank with a diameter of four feet and a length of six fest. The

15«
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tank walls are water-~-cooled to permit prolonged engine operation;
two water-cooled viewing ports on each side of the tank may be used
for visual or photographic inspection of ti.. engine and its exhaust
during operation. The amount of magnetic material within and in the
immediate vicinity of the tank has been reduced to an absolute minimum.
Aluminum, copper, or nonmagnetic stainless steel have been used for
the fabrication of the thrust stand and its associated components, as
well as for viewing port hinges, gas and liquid fittings, etc. A small
tare in the thrust measurement i produced vy a portion of the heat
exchanger which is located some six feet from the engine and is
fabricated from magnetic material. The correction is of the order of
a few percent and is included in the reported values.

The primary system used to evacuate the tank is a 6000 ft3/min
capacity mechaaical pumping system. An auxiliary 34,000 £t3/min
capacity pumping system may be used in paraliel with this system.
The primary system alone is presently capable of maintaining the
ambient pressure in the environmental tank below 5 microns at
blankcif and at a level of 50-150 microns during engine operation.

. The first data obtained with the .0 2C engine were taken at pressure

levels of the order of 300-500 microns since no effort had been expended
in order to reduce this back pressure. With increased understanding

of possible effects due to gas entrainment, the pressure levels were
reduced to those stated above. However, estimates of the tank pressures
required to eliminate gas entrainment showed that pressures of the order
of 0.1 to 1 micron were necessary in order to effectively simulate the
hard vacuum of space for MPD arcjet operation, This pressure level
requirement could be met only by the installation of a large number of
immense diffusion pumps and was clearly ruled out,

The most promising technique for reducing the pressure levels in the
test chamber during operation and thereby reducing the potential
amount of entrained propellant is the use of easily condensable pro-
pellants in conjunction with cryogenic pumping. Towards this end,

a 6-inch diffusion pump and an 18-inch diameter, liquid nitregen-
cooled baffle plate were installed. Blank-off pressures are main-
tained at between 10-5 and 3x10-5 mm Hg by this combined system;
operating back pressures are maintained at approximately 1/2x10-4
to 10~4 mm Hg with alkali vapor propellants.

b. Instrumentation

The various test and measurement equipments which are used to

determine the pexformance characteristics of the X-2 engine are:
1} the thrust stand, 2) temperature-measuring thermocouples, 3)
current, voltage, and mass-flow meters, and 4) preasure gages.

These are more fully described below,

~18-



1) Thrust stand

The engine is suspended from a thrust stand which measures
thrust force directly. The thrust-stand displacement is sensed
by a linear differential transforiner whose output is recorded on
a Sanborn type 1500 recorder. Calibration of the thrust stand in
unita of force is accomplished by standard pulley and weight
techniques. The calibration is perinrmed statically with the
engine off, as well as during engine operation and at all operating
values of magnet coil current. The thrust level is generally
recorded using a sensitivity of approximately 9 gm/mm on the
recorder chart for thrusts in the range from 90-200 gm, and with
a correspondingly greater sensitivity for lower thrust levels.

2) Thermocouples

In order to accurately determine the thermal efficiency of the
X-2 engines. the power dissipated in heating of the anode and
cathode is measured by a standard calorimetric method. The
temperature rise of cooling water in the anode and cathode is
measured by differential iron-constantan thermocouples and
recorded individually on a Sanborn recorder. The temperature
difference between water inlet and outlet is converted to heat
power from a knowledge uof the rate-cf-water flow through the
electrodes.

3) Current, voltage, and mass flow

Both arc current and coil current are measured using precision
50-mv shunt resistors and precision dc millivoltmeters. The
arc voltage is measured with a precision dc voltmeter. The arc
current and arc voltage are also measured and recorded oa the
Sanborn recorder to allow direct comparison with thrust and
anode-cathode power at any time. As an extra precaution, the
meter readings are hand-recorded as well.

The propellant mass flow is measured with Fisher-Porter
rotameter-type flowmeters. Coolant flow rates are measured
using standara liquid flowmeters.

4) Pressure gages

Both engine chamber pressure and ambient tank pressure are
measured with precision Wallace and Tiernan vacuum gages.
The chamber pressure is measured with a 0-50 mm Hg gage
in parallel with a 0-800 mm Hg gage for use at high mass flows.

-19-



The vent pressure gage has a range from 0-20 mm Hg. TIank
pressures below about 1 mm Hg are measured with a Stoker,
McLeod gage, and NRC alphatron, thermocouple, and/nr
ionization gages.

Y W"EKM!MM, q

c. Power

e v

Electrical power to the X-2C engine is supplied from either one or
; both of a pair of 300-kw silicon diode rectifiers, or frem a set of
4-40-kw selenium rectifiers for low power operation. The power for
the magnetic field coil is supplied from a pair of 40-kw selenium
rectifiers. Both the arc current and the magnetic field coil excitation
current are brought to the thrust-stand mounted engine through mercury
pots in the base of the test tank. The engine is celectrically isolated
from the thrust stand and the anode, cathode and magnetic field coil
are clectrically isolated from each other as well as from the environ-
mental tank. The mercury in the mercury pots is covered by about
an inch of diffusion pump oil in order to permit low-pressure
operation.

- A e 3 e g e
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C. X-2 ENGINE OPERATION WITH GASES

A ey fRS

1. Weak External Maggetic Field

a. Thrustor Performance

The X~2C thrustor has been tested with varying input power levels
and propellant mass flow rates in the gases hydrogen, ammonia, and
argon. The thrustor chamber pressure is found to be a function of
mass flow rate in each of the three gases, and to depend weakly upon
the thrustor current. As the current is increased at fixed mass flow
rate the chamber pressure at first rises slightly, and then falls off
after reaching a maximum value. The current level at which the
maximum is reached is dependey’. upon the mass flow rate and the
propelilant type. The variatior with current is slight compared to

the variation with mass flow rate. Figure 9 shows the measured
chamber pressure as a function of mass flow rate for each of the

o three gases tested. Measured pressure values for different thrustor
currents are combined on the same figure. For hydrogen in the mass
flow range 0.01 to 0.05 gram/sec the chamber pressure varies
approximately in the range 5 to 25 mm Hg, for ammonia from 4 to 17
- mm Hg, and for argon from 2 ‘o0 13 mm Hg. The pressure is approxi-
mately linear with mass flow rate for all three gases., An analytical
comparison of chamber pressure values among the three gases for a
A given mass flow rate depends upon information on the gas velocities
and temperatures within the accelerator which is not yet available,
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With the measured chamber pressures used as indicated in figure 9
along with the measured throat area, aerodynamic thrust can be
evaluated from equaticn (1) with the thrust coefficient set equal to
unity. Figures 10, 11, and 12 display, for hydrogen, ammonia, and
argor,respectively, total measured thrust and aerodynamic thrust as
: a function of arc current. For hydrogen (figure 10) the propellant
flow rate is 0.05 gram/sec. The total thrust rises sharply with
increasing current, going from a value of approximately 70 grams at
an arc curvent of 1000 amp to a value of approximately 220 grams at
an arc current of 2500 amp. Over the same current range the aero-
dynamic thrust, calculated from equation (1) using measured values of
chamber pressure, increases only from about 23 to 50 grams.

o onnamen penpn e w1 N TRV

w

The same trends are apparent in figure 11 for an ammonia flow rate

of 0.03 gram/sec. The total thrust again rises sharply with currezi,
. from slightly less than 50 grams at 1000 amp to more than 150 grams
i at 2500 amp, while the aerodynamic thrusrt is rei.ly constant at
approximately 25 grams over the entire current range.

For argon {figure 12) the picture is not so clear. The total thrust
_exceeds the aerodynamic thrust by a factor of approximately 2, but
the total thrust does not rise significantly as the current is raised
from 1500 amp to 2000 amp. More data are required to determine if
this behavior is standard for argon, or if one or more of the data
points plotted in figure 12 is in error.

It is of interest to plot the portion of the total thrust which does not
come from aerodynamic pressure forces, Tgelf » where

Teett * Teoral = Taero (6)

as a function of current. This has been done for hydrogen, ammonia,
and argon, rospectively, in figures 13, 14, and 15, The plots are
logarithmic, so that apparent linearity corresponds to the relation

where I .8 the current in amp and the exponent a is given by the slope
of the line. Both the pumping and blowing mechanisms described
previously depend on the square of the current, so that if no other
effects are present one should expect to find a = 2.

Figure 13 displays T, obtained from equation (6) as a function of
current in the current range 1000 to 2500 amp. Data for different
hydrogen mass flows ranging from 0.013 to 0.050 gram/sec have
bez2n used. There is apparently no effect of mass flow rate upon the

-22-
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magnetoplasmadynamic thrust in the mass flow range investigated.
This appears to be true within experimental uncertainties for ammonia
and for argon as well {from inspection of figures 14 and 15) although
not enough data points have been obtained with these gases to reduce
the experimental scatter. Returning to figure 13, the apparent slope
of the experimental points is 1. 63, not far from the value of 2 given
by the simple theory.

The ammonia data of figure 14, for flow rates of 0.015 to 0,06 gram/
sec give similar results, although the scatter is more severe. Again
Tgep¢ i8 insensitive to mass flow rate, and increases with a power of
the current equal to about 1. 60,

For argon {figure 15) there is again the indication that Ty, is insen-
sitive to mass flow rate over the range 0.032 to 0.11 gram/sec. The
apparent slope of figure 15 is 1. 35, different from the slopes obtained
for hydrogen and ammonia, and departing more strongly from the
simple theoretical value of 2. Again, more data are required to sub-
stantiate these preliminary results with argon, or to change them.

Figure 16 is a summary plot of the information contained in figures
13, 14 and 15 for hydrogen, ammonia, and argon. T is plotted
versus current. The similarity of the results for hydrogen and
ammonia is marked, as is the difference between these gases and
argon. For reference, the magnetic pumping thrust (1/2 %) is
plotted on the same curve, to indicate the relative importance of this
term and the blowing term in making up the total MPD 'thrust, and to
indicate the theoretical slope of 2,

b. Thrustor Diagnostics

The principal diagnostic a2ctivity carried out at low applied magnetic
field strengths has been to attempt to separate the pumping and blowing
contributions to the MPD thrust, and thereby to verify the model of
arc operation which includes the first three of the thrust mechanisms
proposed in section II. A. The method which was employed is based
upon measuren ~1i of the static pressure at the cathode tip.

The thrust which is produced by the pumping mechanism is given for
a uniform current distribution or for a cylindrical current sheet by
the relation
- 2

Toump = 121
in electromagnetic units, This thrust is delivered to the engine in
the form of pressure forces exerted upon the surface of the cathode
tip, such that
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Toump = ~/Z“)cathode dA athode 8 !

where AP, . is the excess pressure on the cathode owing to the
magnetic pinch on the current., If the approximation is made that

AP .ihode 18 constant over the effective area of the cathode within the
limits of the current distribution (equivalent to assuming that the
current leaves the cathode tip in a cylindrical skeet), then the integral
of equation (8) can be replaced simply by

TPumP = (APcathode) (Acathode) ° )

Substituting for T . from equation {3), and solving for A gives:

pump cathode

Acathode = 1/2 ?/ AP cathode - (10)
Therefore, a measurement of the current and the overpressure at
the cathode tip gives an estimate of A ;.4 and hence of r. in
equation (5). Now, with the assurnption that r, is squal o the throat
radius of the engine, Ty,;,, can be evaluated frora equation (5), and

the sum T, + Toump + Tplow c2n be formed and compared with the

R aero ow
experiinentally measured thrust.

To make the required measurements of cathode overpressure a
cathode was made with a 2. 3-mm-diameter hole bored on its axis
and inserted in the X-2C engine. In experiments performed with
this modified cathode, measurements were made of arc voltage, arc
current, propellant mass flow rate, thrust, chamber pressure, and
cathode tip pressure. The ambient tank pressure was maintained
below 1 mm Hg. It was observed that engine performance was not so
good with the modified cathode as with a regular cathode, but
sufficiently large MPD thrusts were obtained to make this diagnostic
experiment useful. (See table A-4 of appendix A.)

Figure 17 shows measured cathode tip overpressure {i.e., the excess

of cathode tip pressure over chamber pressure) as a function of

current and hydrogen mass flow rate. Also shown ou the figure are .
the results reported by Ducatil, et al, as well as much earlier work __/'
by Maecker5 in a high current carbon arc at atmospheric ambient ’
pressure. The dependence of cathode tip overpressure on current

is seen in figure 17 t» be abort the same for all the data; the agree~

ment in absolute value is somewhat fortuitous, and apparently

indicates that cathode spot sizes are nearly the same in all three

experiments.
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The area over which this cathode overpressure must act is now
determined from equation {10), which, as has been pointed out
earlier, is equivalent to assuming that the current leaves the cathode
tip in a cylindrical sheet. Now, setting

2
Acathode = 71¢

an estimate for r, can be obtained. Equation (5} can now bc used to
evaluate the contribution of the magnetic blowing term to thc total
thrust. Figure 18 shows the results of calculations made for currents
of 1000, 1500, 2000, and 2500 amp. For each current ihe appropriate
cathode overpressure is determined from figure 17 and the effective
cathode Area from equation {10). The radius ratio is then determined
using the throat radius as r,, and the blowing and pinch terms are
evaluated to give Tgey¢ obtained by subtracting T, from the total
measured thrust. Also shown on figure 18 is a theoretical line
obtained from an mnalysis with a different assumption about the current
distribution at the cathode, namely,that the current is uniformly
distributed in an annulus at the cathode, the inner radius of the

annulus being the radius of the pressure tap orifice. This analysis

is maihematically more comgplicated, and is given in detail in appendix
'B. The values of T,  obtained with this current distribation are
somewhat smaller than those obtained from the cylindrical current
sheet assumption, but the total change is only of the order of 5 grams
thrust.

The agreement between experiment and theory indicated in figure 18
is reasonably good, although far from perfect. With consideration
for the fact that the analyses are affected in some degree by the
assumptions which have been made {that the thrust coefficient is
precisely 1, that the current all enters the arode at the throat, that
the device is characterized by complete azimuthal rymmetry, etc.),
the degree of correlation between the theory and experiment is
encouraging.

c¢. Thrustor Electrical Characteristics

Figure 19 shows the measured thrustor voltage as a function of

current for a mass flow rate of approximately 0.03 gram/sec in the
three cases nydrogen, ammonia, and argon. Over the range of current
for which measurements have been made the applied voltage is
relatively insensitive to current, riring slightly for each propellant

as the current is in.reased from 1009 to 2000 amp. TLe voltage in
hydrogen (approximately 65 volts) is sigrificantly larger than in the
other two gases, while ammonia and argon are fairly close to one
another, at 35 to 25 volts, respactively. At a given current level the

=30
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voltage determines the input power, which is divided into power lost
to engine cooling, power invested in propellant static enghalpy, and
power invested ir propellant acceleration. The higher voltage in
hydrogen at this mass flow rate may be due to a higher investment
in propellant static enthalpy, particularly in ionization. At higher
mass flow rates the investment in propellant enthalpy rises, while
the thrust power falls; at lower mass flow rates the reverse holds.
As a result, the voltage tends to be insensitive to mass flow rate for
a given propellant, within the ranges of current and mass flow rate
which have been investigated,

d. Thrustor Propulsion Characteristics
The overall efficiency of tae X-2C high impulse thrustor is shown
for hydrogen, ammonia, and argon in figures 20, 21, and 22,

respectively, as a function of propellant specific impulse.

The propellant specific impulse and overall efficiency are defined by
the relations

- T/a 11
I T/ {11)
Pimuse = 48x 1070 T = 48x 107 TI, {12)
Eff = Pamst/Pin (3)

where I__ is the propeisant specific impulse in seconds, T the thrust
in grams force, = the propellant mass flow rate in gram/sec, and

Eff the overall electric to propulsive efficiency expressed as a
fraction of unity, Py, the thrust power in kilowatts, and p;, the
input power in kilowatts. Strictly, P;, should contain a quantity to
account for the incoming propellant enthalpy (the propcollant is injected
at approximately room temperature) but this correction is small for
the final enthalpies associated with the X-2( thrustor, and has been
neglected. Hence Pj,is given by 10-3 V I, where V and I are the arc
voltage and current in volts and amperes. :

With reference to figure 20, over the input power range of 75 to 250
kw, and for mass flows between 0.01 and 0.05 gram/sec of hydrogen,
the efficiency is approximately linearly related to specific impulse,
increasing from about 10 percent at 2000 seconds to about 60 percent
at 13,000 seconds. Also shown in figure 25 are data reported by
Ducati!, which exhibit similar behavior. it should be noted that the

data exhibit considerable scatter: it is not known at this time if the

. e e

scatter reflects slightly differ>nt operating modes from one ergine
test to the next, or if it is simply an indication that the random
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~xperimental errors are of this order. More effort at duplication of
these measurements should resolve this question.

e+ st e, e AR

For ammonia in the mass flow range 0.015 to 0.06 gram/sec, and the
power range 35-100 kw, the overall efficiency is slightly higher than
for hydrogen. This is indicated ir figure 21 where the ammonia data

) and a line representing the hydrogen data of figure 20 are both plotted.

; It should be expected that the efficiency would be higher with amrmonia

i in the specific impulse range from 2000 to 6000 seconds, owing to

, frozen flow considerations to be discussed later in this report, but

: tne argon data of figure 22 are in contradiction of this effect. In
figure 22 the data for argon obtair»d at mass tlow rates of 0,025
to 0. 10 gram/sec, and in the power range of 50 to 60 kw are plotted
along with the line representing the hydrogen results. The argon data
fall on the hydrogen line, while the frozen flow efficiency of argon
should be much superior to that of hydrogen around 2000 seconds.
Again it is pointed out that the argon data are preliminary and consist
of only a few points. More measurements are required to firmly
establish the efficiency-specific impulse curves for all three gases,
but particularly for ammonia and argon.

When the hydrogen data of figure 20 are used itis possible to develop
estimates of the important power loss mechanisms. These are
indicated in figure 23 which again displays efficiency as a function of

: specific impulse. Partial efficiencies are defined as

€apc = Power o propellant/iaput power (14)
€ozen = Powernot in dissociation and ionization/power to propeliant (15)
€expansion = Thrust power/power not in dissociation ard ionization (16)
foverall ™ ‘arc “frozen expansion an

The arc efficiency can be evaluated as the ratio of the difference of
input power and power in the coolant to input power. These are all
measured quantities, and these values are plotted on figure 23, along
with the measured overall efficiency. The frozen flow efficiency

can now be estimated based upon the gas stagnation enthalpy, if
therinal equilibrium is assumed. Actually, a portion of the input
power is translated directly into thrust power without passing through
a thermal stage, and it is therefore likely that this estimate of the

frozen flow loss is pcssimistic, although it is thought to be not
grossly so.
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Finally, by using equation {17), the expansion efficiency can be
calculated. The interesting feature cof the result of this calcuiation

is that the expansion efficiency appears to level off at a value of

about 64 percent for the specific impulse range beyond 5000 seconds.
It appe ‘78 from this preliminary analysis of the propulsive efficiency
that the best immediate hope of increasing the efficiency may lie,
therefore, in reducing the frozen flow losses and in increasing the
arc heater efficiency (by use of radiation cooling, for example) rather
than by concentrating effortscn increasing the expansion efficiency.

Figures 24 ard 25 display the calculated hydrogen enthalpy and tem-
perature, respectively, as a function of specific impulse. The total
enthalpy in figure 24 is obtained from

b = e P/ (18)

where h, is the total enthalpy in erg/gram, and where 1 kw is equi-
valent to 1010 erg/sec. The total enthalpy, b , in turn is related to
the static enthalpy, h_, by

by = b —1/2u? (19)

where u is the propellant exit velocity in cm/sec (= 980 L;). The
static enthalpy as a function of specific impulse has been caiculated
from equation (19), and is plotted as the dashed line in figure 24.
The static enthalpy is seen to level off at about 6000 seconds, while
the increase in total enthalpy comes almost entirely from the 1/242
term. Figure 25 has been obtained from the data of figure 24 by
employing the assumption of thermal equilibrium to convert the
enthalpies to teriperatures. Total temperatures of a very high order
are obtained, exceeding 105 °K at a specific impulse value of only
8000 seconds. However, the static temperature levels off at about
40,000 °K, and further increases in the total temperature come from
increased directed velocity rather than increased random velocity,

The frozen flow efficiency can be computed once the enthalpy is
specified, but there is an ambiguity as to whether the stagnation or
static enthalpies should be used in making the calculation. Tkis will
actually depend somewhat upon the detailed mechanisms of energy
addition to the gas, which are not yet well understood. Therefore,
figure 26 shows the frozen flow efficiency calculated in each way, as
a function of specific impulse, and based upon the division between

‘static and kinetic enthalpy of figure 24. The definitions of the frozen

flow efficiencies plotted in figure 26 are as follows:
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by — (Espeq (b)) + E; i) /2
‘fmzen, ht N ht

hy = (Egigs (h) + Ejpq b))fm

¢frozen’ h s B,

where egg,e, » b, is the frozen flow efficiency based on tue total
enthalpy, b, , and Eg. (b )and E, (h) are the powers associated
with dissociation and ionization, respectively, 2t the enthalpy level
given by b ; alternatively, ¢ .., *hs is the frozen flow a{ficiency
based on the static enthalpy, h, , and Egjss (b)) and E, {hk;) arz the
powers associated with dissociation and ionization, respectively, at
the enthalpy level given by k.

The frozen flow efficiency based upon static enthalpy is always higher
than that based on stagnation enthalpy at a given specific impulse, but
the difference is small for values of specific impulse in excess of
6000 seconds where both frozen flow efficiencies are in excess of
0.6. However, at 2500 seconds the difference is appreciable, the
frozen flow eificiency being 0. 45 based on static enthalpy and 0. 30
based on total enthalpy.

The desire for a higher frozen flow efficiency motivates an examiration
of heavier molecular weight gases than hydrogen. Figure 27 shows

an approximation of the frozen flow efficiency for argon, lithium,
ammonia, and hydrogen as a function of specific impulse. These have
been calculated with the assumption that dissociation of moiecules

into atoms is complete, and that each atom i8 singly ionized, inde-
pendent of th¢ specific impuise level. These assumgtions allow the
calculations to be made most simply, but they arc¢ probably unrealistic
atlow values of specific impulae (order of 2000 seconds) and again

at higher specific impulse for the heavier propellants. At the low
specific impulse levels the ionization is quite probably not complete,
while at the very high levels it is likely that multiple ionization of
some of the propeliants becomes important, The degree of multiple
ionization will depend first on whether thermal equilibrium is esta.
blished, and if not then on whether the ionization level is established
at a value appropriate to the static enthalpy or to the stagnation
enthalpy, or to some intermediate value.

If the curves of figure 27 are accepted in general as guidelines, with

the realization that the absolute accuracies are doubtful, then it is
still clear that the frozen flow situation improves in general as the

-46 -
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molecular weight is increased. Infact, with lithium, the frozen flow
efficiencies are quite high although the molecular weighe is only 7,
owing to the very lew first ionization potential., However, it must be
pointed out that the indications of figure 27 are that argon should be
greatly superior to ammonia, while ip fact this has not proved to be
the case in the laboratorv.

An investigation was made of the possibility that the relatively poor
propulsion performance with argon was due to the fact that much high-
er ljevels of ionization than the first may be present.

lonization up to four times was considered. Even with this level of
ionization the frozen flow efficiency of argon is superior to that of hyd~e-
gen, and it is also supericr to ammonia if the latter is dissociated into
nitrogen and hydrogen atoms, followed by ionization of the hydrogen and
single ionization of the nitrogen atoms. It seems unlikely that argon
atoms would be four times ionized without at least single ionization of
hydrogen and nitrogen. Therefore, it has been tentatively conciuded

that the failure of argon to yield improved propulsion efficiency over
hydrogen or ammonria is probably due to causes other than multiple ioni~
zation.

Strong External Ma.gpetic Field

a. Thrustor Electrical Characteristics

An investigation has been made of the voltage- current characteristics
of the X-2C MPD arcjet oriented in hydrogen and in ammonia. The
variatles were arc current, applied magnetic field strength, and pro-
pellantflowrate. For all of these tests the ambient tank pressure was
in the range 200 to 500 microns. Power wa. supplied to the engine
from a silicon diode rectifier with a 300-kw capability,

Figure 28 shows, for hydrogen mass flow rates of 0,02 and 0,05
gm/8ec, the measured X-2C voltage as a function of arc current, The
magnetic field strength is 1000 or 2000 gauss. (The magnetic field is
characterized for discussion by tie maximum value of the axial compon-
ent, which is found at the cathode tip. ) In the current range shown, the
voltage-current slopes are near zero. There is some experimental
evidence that at lower current values the slopes are negative, Ata
given cu-rent in the range 500-1600 amp the voltage level increases
witi magnetic field strength and mass flow rate,

Figure 29 is a plot of the voltage~current characteristics for ammonia

at mass flow rates of 0,029 and 0. 058 gm/sec, again for magnstic
field strengths of 1000 and 2000 gauss, Compared with the data for

48~
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hydrogen, the ammecnia voliages are significantly lower; however, '
they show the same general lack of sensitivity of the voltage to current

level, and the same tendency for voltage to increase with magnetic field

and mass flow rate at a given current.

For all of the hydrogen data summarized in figure 28, the voltage spread
is approximately 80 £ 20 volts, For the ammonia data of figure 29 the
spread is in the range 46 * 8 voits, so that not onlv is the voltage gener~
ally lower in ammonia, but the sensitivity of the voltage to variation of
mass flow rate and magnetic field is also lower.

In figure 30 voltage is plotted against magnetic field sirength for both
hydrogen and ammonia, Data are comrbined for different mass flow
rates and currents, thus contributing to the scatter in the figure. There
appears, however, to be a tendenc - with both propellants for the volt-
age to rise with magnetic field strength at a rate sufficient to be appar-
ent even with the experimental scatter,

The data of figure 30 can be fit by relations of the form
V = V_+kB (20)

where V, and k are unknown constants. V is the measured voltage and

B the applied magnetic field strength,

Patrick and Schneiderman!® have proposed a theoretical justification
for « relation of this form. A paraphrase of the discussion of reference .
15 ruggests that the voltage for the device is established in that geo-
mecrical region where the initial ionization occurs. By equating the
rzcio E/B in this region to the critical velocity for the propellant, u. ,
the relation

V = V,+u, Bl (21)
is obtained, where u, is the critical velocity (that velocity for a molecule
at which the kinetic energy, 1/2 mv¥, is equal to the energy required
to dissociate the molecule and ionize the constituent atoms to the first
level} and / is an unknown length related to some geometrical feature
of the plasma genera.or. Data obtained with hydrogen, argon, and
nitrogen were correlated with this formula in reference 15, and Vv,
selected for each propellant, but with a coastant value of I , theiength.
In the plasma generator of Pati ick and Schneiderman, this length was
taken as one centimete~, which is characteristic of the radial separa-
tion of the discharge region of attachment at the anode from the cathode
tip,
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The critical velocity, u_ , is 5.6 x 10% m/sec for hydrogen and 2.6 x 104
m/sec for ammonia. Seleciion of v, = 40 volts for hydrogen, to agree
with reference 15, led to a choice of { = 5mm to fit the i.ydrogen data;
the line drawn through the hydrogen data in figure 30 corresponds to this
choice for /. With ! fixed at 5 mm, the slope for the ammonia data is
fixed, and the best-fit line of this slope is drawn on figure 30,

Inspection of the fit obtainable in this way, especially for the ammonia
data, indicates that agreemeut with the first order theory is less satis-
factory for these data than for those of reference 15; however, the
theory does predict a lower slope for ammonia, which is obg3vved, and
further, it is plausible that the value of [ applicable to the X-2C MPD
arcjet should be smaller than that reported in reference 15, since the
geometry employed there is more open, vhile the X-2C MPD arcjet
geometry emr'oys a throat downstream of the cathode, Hence, it is
quite possible that the theory is an acceptable first-order characteriza-
vion of variation of voltage with magnetic field in axisymmetric MPD
arcjet devices,

Figure 31 is a plot of measured X-2C thrustas & function of arc current
for a fixed strung field (the applied magnetic field is approximately
2000 geuss, axizl, maximum)}, and hydrogen mass flow rate (0. 035 gm/
sec). As the arc current is varied from 600 to 1600 amp, the thrust
rises from 80 to 260 grams, Over this same current range, Tiero
varies from 32 to 40 grams. If one uses equations(2), (3), and {4) for
Teeps s and the values reported earlier for t. » @ curve to represent
T,.¢ ©an be calculated and drawn. This is indicated in figure 31.
However, the sumof T o and T varies only between 40 and 95
grams over the current rarge 600 to 1600 amp, leaving the larger
portiion of the thrust unaccounted for. This excess of the thrust, the
difference between the total measured thrust and the thrust which can
be accounted for by the sum of Ty, and Tg, is thought to be as-
sociated with the interaction with the strong applied magnetic field,
We denote this extra thrust, for convenience, as Ty, , although it is
by no means certain that a Hall effect is actually the thrust producing
mechanism.

It is not clear on a priori grounds what the dependence of Hall thrust
should be on an applied current and magnetic field, although it is anti-
cipated that both parameters should be important in determining the
magnitude of thrust, If the Hall current magnitude were proportional
to {wr) o and hence to B, it would be expected that the thrust would
vary roughly as I 8%1 and one power of B establish the Hall current
magnitude, while another power of B is involved in determining the
jxB force resulting. However, this assumes that the volume of inter-
action is independent of B (the thrust ig a volume integral of jxB) and
this need not be so,
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Hessl8 offers experimental evidencc that in the rauge of currents, :
mass flow rates, and magnetic fields applicable to these experiments,

the Fall current magnitude is relatively ingensitive to B. If this were

the case for the X-2C engine operation, the Hall thrust would become

a linear function of I x B, assuming again that tl.e volume over which

the interaction takes place is not B-dependent,

In tigure 32 the Hall thrust, defined as

THaH = Trotal = Taero = Tselt 122)

is plotted versus the product IB, where I is the total arc current and
B is the axial field strength at the cathode tip, I varies from 600 to
1600 amperes and B from 1 to 2 kguass. Data for hydrogen mass flow
rates of 0,02 and 0,03 gm/sec are included on the same figure, Al-
though there is experimental scatter, the correlation is fairly good.

T goes to zero for null values of the product I8 and reaches ap-
proximately 160 grams at the peak IB value,

Figures 33 and 34 are drawn for X-2C operation with ammonia.
figure 33 overall thrust is plotted against arc current for applied
magnetic field strength of approximately 2000 gauss, axial, at the
cathode tip, The ammonia mass flow rat: is 0. 929 gm/sec, and the
arc current varies from 600 to 1600 amperes. As in the case of
figure 31 for the hydrogen data, the aerodynamic and self thrusts
have been estimated and plucted on figure 33, The difference between
the total measired thrust and that which can be accnunted for by aero-~
dynamic and self magnetic mechanisms alone is assigned, tentatively,
to the Hall effect.

In figure 34 the Hall thrust deduced in this way, Ty, » i8 plotted
against the product of arc current and peak applied axial magnetic

fi\ :d strength. The correlation of Ty, with IB is less satisfactory

for ammonia (figure 34) than for hydrogen (figure 32). Perhaps more
important, the magnitude of fy,; is smaller in ammonia than in
hydrogen at each value of IB ; at the higher values of IF by a factor of

3 to 4. Hence, it appears that the applied magnetic field plays a smaller
role in acceleration of ammonia than in accelerationu of hydrogen. It L
has indeed already been noted that the arc voltage in ammonia is less : : .
sensitive to magnetic field than the arc voltage in hydrogen,

-4‘ -.‘ ..“:'
e

¢. Thrustor Thermal Efficiency

In this section, data are presented which determine the ''thermal"
efficiency of the X-2C MPD arcjet, By thermal or arc efficiency is
meant the quantity . -
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Power to gas

€
ar
< Power to arc

where the power inpat is taken as the product of applied voltage and
arc current without currection fer the incoming gas enthalpy. For
the enthalpy levels associated with the X-2C MPD arcjet this correc-
tion is negligible. (Actually, much of the power input to the enginc
is in the form of directed kinetic energy without passing through a
thermal stage, but the term 'thermal efficiency! is taken over from
the usual arc heater terminology ,) The heater efficiency is deter-
mined by measuring the power lost to the anode and cathode water
cooling circuits, according to equation 23a.

P oot hy Cpw ATy

VI

€ = 1 - e— = -

arc

{23a;

in
where o, Cp « and AT, are the mass flow rate, specific heat, and
temperature rise, respectively, of the coolant water.

In practice, the cathode heat loss is small under all conditions of
X-2C MPD arcjet operation, varying between approximately 0.5 and
2 kw as a function of current and mass flow rate. The anode heat
loss, on the other hand, is in general substantial,

In figure 35 p_, in kilowatts is plotted as a function of current for
a number of test runs of the X-2C MPD arcjet, The tests were
made in hydrogen at mass flow rates of 0.02 and 0. 05 gm/sec, and
with applied magnetic field strengths varying from 580 to 2000
gauss. Data poiuts corresponding to the mass flow rate of 0. 02 gm/
sec are indicated by open circles, while those for the 0, 05 gm/sec
flow rate are represented by crosses, In addition to these points
are plotted several reported by Cannlb and by Ducatil?; the data of
reference 16 were obtained at a hydrogen flow rate of 0. 02 gm/sec,
while those of reference 17 correspond to a hydrogen flow rate of
0.025 gm/sec.

Several features are clear from inspection of figure 35, First, the
correlation of Pgool With current is fairly good; the data points
corresponding to different mase flow rates and to different magnetic
field strengths exhibit relatively little scatter. Second, the data
reported by Ca.nn16 and by Duca.ti}‘7 also correlate reasonably well
with those measured at this {aboratory, although there are differences
in the MPD arcjet geometry and magnetic field configuration among
the devices employed at the three laboratories. Finally, these data
can be representec reasonably well over most of the current range

by a straight line ot slope equal to unity, which is consistent with a
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constant voltage drop at the electrudes representing most of the lLieating.
At the highest currents Py, tende to fall away irom this line, but
within about 30 percent the data for currenis ranging from 109 to 3000
amp can be accounted for by a consiant veltage drop of about 26 volts,
In contrast, the sensitivity of the anode and cathode heat transfer to
mass fiow rate seems very slight.

The line drawn on figure 35 is simply a smooth curve fitted by inspec-
tion to the data., This same smooth curve is repeated on figure 36,
where P, is plotted as a function of current for X-2C operation with
ammonia as the propeilant. The ammonia mass flow rates represented
ip figure 36 are 0.029 and 0. 058 gm/sec compared with the hydrogen
flow rate : of 0. 02 and 0. 05 gm/sec of figure 35. The magnetic field
variation for the data of figure 36 is again 500 to 2000 gauss. Inspec-
wion of figure 36 reveals that the data are fitted remarkably well by the
*ine drawn to represent the hydrogen data of figure 35; therefore, the
major feztures of the electrode heating in hydrogen operation are ap-
plicable a!so to operation in ammonia. Again, sensitivity to mass

flow rate cf propellant is slight for the two mass flow rates plotted’in

figure 36,
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The success in fitting heat transfer data for both hydrogea and ammonia
witl. a single curve motivates examination of data which have been
obtained in other gases as well, Figures 37, 38, and 39 are curves
analogous to figures 35 and 36, and are drawn for helium, nitrogen,
and argon. In each case the smooth curve is the one which was fitted
to the hydrogen data of figure 35,

i astore PREN ‘,-'.;-‘HW
¥
.

LAl TR

b

In figure 37, data are presented for helium mass flows of 0.014 and
0.058 gm/sec; only a single magnetic field strength of 500 zauss was
employed, The scatter of theze few data points is more severe, and

it is not at all certain that the quantitative trend of P_; with current
is precisely the same as for hydrogen. Further,there appears to be a
systematic but smail dependence upon mass flow rate, S5till, the
hydrogen curve fits the data tolerably within the accuracy with which the
helium trend can be estimated,

AT Gty e (NS

tos a4

ingra Ti 4w

2

Figure 38, for nifrogen, can be commented upon in much the same

way. There is some apparent dependence upon mass flow rate between
flow rates of 0,018 and 0,055 gm/sec, but very little difference between
0.055 and 0.09 gm/sec, For the few data points which are available,
the hydrogen curve provides a tolerable fit,

RTINS e g

Finally, argon also seems to fit this general heat {ransfer characteristic,
as indicated by figure 3G9, For argon there is little systematic depend-
ence of heat transfer on mass flow rate between 0, 044 and 0, 088

gm/sec, The hydrogen curve is again a tolerable fit.

YAV

. T o QU

Several conclusions may be tentatively reached on the hasis of the data
of figures 35 through 39, These are:

1

1 1) Electrode heat transfer rates are most sensitive to curvent
among the parameters which have been varied,

2) Electrode heat transfer is much less sensitive to accelerator
configuration (e, g., the agreement between values obtained at

this laboracory and those of references 16 and 17), magnetic field
strength, propellant mass flow rate and propellant type. Further,
since different propellants have widely varying characteristic
voltages (see, for example, figure 30), operation at a given current
in two different propellants implies operation at different input
power levels; therefore, elecirode heat transfer is sensitive neither
to mass flow rate nor to input power, and so it is insensitive, over
the ranges ploited, to enthalpy.

' 3) The electrode heat transfer can be represented fairly well by
. a constant electrode voltage drop of approximately 26 volts,
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4} On the basis of conclusions 1) through 3} it would appear
that convection is not 2 dominant process in transferriug heat to
the electrodes, Rather, some effect involving plasma sheaths and
the electrode fall zones seems to be much more important,

With this understanding of the absolute magnitude of the electrode
power losses in the X-2C MPD arcjet, the thermal efficiency data are
readily explained. Figure 40 shows, for hyd.rogen, thermal efficiency
as a function of applied magnetic field strength, Mass flows of 0.02
and 0.05 gm/sec were used, with arc currents of 500, 600, 1000, and
1600 amp. The solid symbols represent data obtained for the higher
mass flow, and the dashed curves are drawn through these symbols.

In general, based on figure 40, the thermal efiiciency increases with
current and magnetic field stiength for the nighesr mass flow rate, and
shows very little systematic variation witii either current or magnetic
field strength at the lower mass flox -atc. In the range of parameters
where the best propuleion perforaance has beer obtained (high current,
high magnetic field strength) the theimal efficiency varies between 65
and 75 percent, Referring to figuire 28, it can be seen that the arc
voltage shows only a sliglt depende.ce on current and on magnetic
field strength at the 9, 02 gm/sec mass flow rate, while it i:.reases
with magnetic field sivength at the 0,05 gm/sec mass flow rave. Since
the cooling power losaes are essentially fixed by the arc cu. r:ont
according to figure 35, ' thermal efficiency is determined - s<sentially
by the arc voltage,

Figure 41 is drawn for ¢ mmonia and again plots thermal ~ :'<:ency versus
applied magnetic field st +ng.h for mass flow rates of ¢. ©*’ and 0, 058
gm/sec and arc currents ¥ 43¢, 1000, and 1400 amp., " ::.e is some
apparent tendency for the thermal efficiency to rise . i.. Jurrent and
magnetic field strength, and, at the higher curreri.. .i.nimass flow
rate. At the higher values of curreuni and magneti . 2.4 strength,
thermal efficiencies in the range 35 to 50 percent c :avacterize the data.

Thus, the thermal efficiencies for ammonia are. uader similar condi-
tions, on the order of two-thirds of the thermal efficiencies in hydrogen,
Referring again to figure 30, the same statement can be used to describe
the operating voltage. The implications for overall propulsive efficiency
are examined in the following section.

d, Overall Efficiency

The overall propulsive efficiency is defined as the ratio of thrust power
to input power:
48 x 1073 12 48 x 1073 T 1

° = Tarp, ) (23)
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where ", 15 the ove:all propulsive efficiency expressed in
percent, T is the total thrust ingrams, m the propellant mass flow
rate in gm/sec, and Ig, the specific impulse in seconds. Pjp, the
input power, is taken as 10-3 I V. in kilowatts.

Figures 42 and 43 show, for hvdrogen and for ammonia. the overall
efficiency as a function of specific impuise,

Each figure includes data taken over a wid= range of conditions; in
figure 42, for hydrogzn. the arc current varies approximately by a
factor of 5 between 300 and 1¢90 amperes, the applied maenetic field
by a factor of nearly 3 between 9.75 and 2 kgauss, the propellant
mass fiow rate by a factor of 2.5 between 0.92 and 0. 05 gm/sec, and
the arc voltage by a factor of 2 between 55 and 105 volts, In figure
43 for ammonia, the variation is between 600 2nd 1400 amp in arc
current, 0, 75 and 2 kgauss in applied magnetic field, 0.029 and 0. 058
gm/sec in ammonia flow rate, and 35 and 55 volts in arc voltage.

Still, for each propeilant, all the data on overall efficieni‘:"y versas
specific impulse fit very closely to a single curve. Within the range

of parameters tested, the overall efficiency is then essentially a
function only oi i , and not independently of field strength, power
input, current, or propellaut flow rate. To emphasize the independence
of efficiency, ata given impulse, %t input power level, the data of
figures 42 and 43 have been coded so that different symbols apply to

the different power ranges 20 to 40 kw, 4 to 80 kw, and 80 to 160 kw,
Inspection of the figures indicates that the curves drawn to represent
each power level are, within the experimental scatter, the same curves.
It could be concluded. tentatively, that it should therefore be possible
to achieve comparable efficiency~-specific impulse curves at lcwer
levels than those which have been employed.

Figure 44 is drawn for comparisor of hydrogen and ammonia in terms
of overall propulsive efficiency. In each case the smooth corve is
drawn to fit the data of rfigures 42 or 43, and the experimental scatter
is indicated by the hars drawn on the ammonia carve, The indications
of figure 44 are that the overall propulsive efficiency of the X-2C
engine is somewhat higher in ammonia than in hydrogen by approxi-
mately 5 to 10 absolute points, Th.ti is, at a specific impulse of

4300 seconds the efficiency with hydrogen is almost exactly 30 percent,
while for ammoxuia the range 35 to 40 percent is indicated. Estimation
of the frozen flow efficiency is difficult, since the enthalpy level at
which freezing occurs is unknown. A considerable portion of the input
energy is inserted directly in the kinetic form, so that the static
enthalpy need ao: be excessively high. Zstimation of the expausios
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efficien-y is equally difficult, since the factcrs which contribate to

this effici.acy (velocity profile loss, angular spread. failure fo
convert random to directed motion, etc.) are clesely tied to the accel-
eration mechanisms. which are thecinselves not undarstood .n deiail.
However, twc simplifying assumptions may be made which permit
comparison of the hydrogen and ammonia efficiency data. Thess
assumptions are crude, but satisfactory for the present stage of under-
standing of MPD arcjet behavior. The first assumption is

fexp, Hy * ‘xp, NH; for 1000 sec < lsp < 5000 sec

that is. the fraction of input power which is lost in velocity profiles,
etc,, is the same icr hvdrogen and ammonia at any given specific
impulse in the range 1000 to 5800 geconds., This range of specific
impulse is the range where overlapping data in hydrogen and ammonia
are available,

The second issumption involves the frozen flow efficiency. Here it is
assumed ~hat the percentage of dissociation and ionization for hydrogen
and ammonia are the same at a ziven apecific impulse; e.g., if kydro-
gen is 10 percent ionized at 2000 seconds, then ammonia is alsc 10
percent ionized at this specific impulse. Then, approximately, the
ratio ¢, HZ/ €,NH; ata given Isp is the same as the ratio which would

hold for full ionization even though it is not at all necessary that ¢ y 5

OT & NH 3 represnet full ionization.

With these assumptions, the overall efficiency ratio for ammonia and
hydrogen can be written

‘, N H3 frc, N H3 “, N H3

‘o, Hy ‘arc, Hy , H,

Table I evaluates this ratio and compares it with that experimentally
obtained. Data on ¢ are taken from figure 27, which assumes full
dissociation and 1st ionization of all atoms.

Agreement between the overall efficiency ratios calculated in this
fashion and those measured is fairly good, except at the lowest
specific impulse value, 2900 seconds. At the ‘ower values of Ig

the calculation of ¢ is expected to be partical.rly crude, so that this
result is not surprising,
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TABLE I

OVERALL EFFICIENCY RATIO FOR AMMONIA AND HYDROGEN

_ef,Nﬂs ‘o, NH. ‘o, NH
Lp oo, NH; | e | o " oty (calculated) oy (measured)
{seconds) | percent) | fpercent)
2000 42 65 3.04 .9 1.4
3000 42 65 2,42 1.5 ) i.4
4000 42 65 1.97 1.3 1.3
5000 42 65 1.72 1.1 1.2

The results of table I indicate that, at least to first order, the overall
efficiency data for hydrogen and ammonia can be compared on the basis
that the expansion efficiency is essentially the same for the two pro-
peliants, and that the differences in overall efficiency can be attributed
to the arc and frozen flow efficiencies,

Nonetheless, the apparent close fit of the overall efficiency versus
specific impulse data to a single curve which closely approximates

a straight line presents a problem of much greater import. Besides
the fact that the electric-to-thrust power efficiency apparently is
basically fixed by th: selection of a propellant and specific impulse
level, and is relatively insensitive to the particular combination of
mass flow rate, input power, arc current and magnetic field strength
by which the specific impulse level is achieved, the most striking
feature of the efficiency-impulse curve is its seemingly constant slope.
An extrapolation of the curve to higher values of specific impulse would
yield overall efficiency values greater than 100 percent; this is clearly
a violation of the principle of energy conservation. A geries of high
input power, very low mass Jlow rate tests was made in order to de-
termine whether the extrapolaieu values were experimentally obtained.
Efficiencies of more than 100 percert were indeed measured, and an
exhaustive study of the measuring svz:em was undertaken in an attempt
to explain the unrealistic results, It was determined that all meas-
urements were properly made, and that the data as recorded
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were correct. The method of calculating the overall efficiency and
specific impulse in terms of the measured quantities was then con-
sidered. Both the overall efficiency and the specific impulse are
calculated using expressions which contain the mass flow rate as a
term in the denominator. (See, for example, equations {11), {12),
and (13).) If the measured mass flow ra' >--the mass flow introduced
through the engine inlet ports--were different from the true mass
flow which the engine is accelerating, erroneous values would be ob-
tained for both the efficiency and the specific impalse. This phenom-
enon is denoted by entrainment.

If the true mass flow rate {metered mass flow plus entrained mass
flow} were always 0.03 gm/sec while the mass flow rate introduced
through the engine and measured at the inlet ports ranged from, say
0.03 to 0. 01 gm/sec, the overall efficiency and specific impulse
exoressions would yield values up to three times as large as those
actually achieved. This would also imply that the efficiency--impulse
curve may truly be a straight line, but only up to some value of speci-
fic impulse (and overall efficiency) corresponding to 2 mass flow rate
of 0.03 gm/sec, thereafter increasing perhaps to an asymptotic value
of somewhat less than 100 percent at specific impulses obtainable with
and MPD arc¢jet.

The following section discusses some experiments performed to test
for the existence of gas entrainment, and outlines the reasons for the
conclusion that gas entrainment is a major factor in the chserved
operation of the MPD arcjet in "high'' back pressure environmental
tanks. The next section then considers the operation of the MPD
arcjet with alkali metal propeliants and the ensuing benefits including
the advantage of reduced tank back pressure operation.

POSSIBLE MASS ENTRAINMENT BY THE X-2 ENGINE WITH STRONG
EXTERNAL MAGNETIC FIELD

Qualitative Observations on Zero-Gas Flow Operation

A series of experiments was carried out to examine the role of possible
gas entrainment in the performance of the MPD arc et engine. With
reference to equation {24), the beam or thrust power of any propulsion
device is given by

5 2/
Pepruse = 4.8 x 1070 T2/m
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where P,y . .. {kw) is the thrust power, T(grams) is the measured thrusts,
beoal (gm/sec) is the total accelerated propellant flow rate. If there is
signiticant gas entrairment during the gas acceleration process, the actual
value of thrust power will be less than the estimated value of thrust power

based only on the measured propellant flow rate.

The overall propulsion efficiency is given by an expression of the form

. {25)
€= 4.8 x 1072 T?/m 0 IV
or
¢ = 48 x 1072 Tz/i‘meas(l + Beperain/ Bneas ) IV (26)
where, & o (gram/sec) is the measured input flow rate to the engine

and m_geain 18 the flow rate entrained frora the ambient environment dur-
ing the acceleration process; I (amperes) is the arc current and V (volts)
is the arc voltage, Thus, for a given power input, gas entrainment in the
acceleration region will reduce the estimated value of the overall electric
to thrust power conversion efficiency.

The most siriking qualitative evidence for the existence of gas entrainment

is the observation of Ducatil9, Hess and Brockman?0, and this laboratory,
that the MPD arcjet will run without any gas flow passing through the engine.
If there were no gas entrainment then this situation would, of course, cor-
respond to an infinite thrust power, and since the input power remained
finite for this condition, an infinite value of the overall energy conversion
efficiency. Thus, the engine must either be rusning on electrode material,
or on entrained tank gases. Measurements of the weight loss of electrode
material have clearly indicated that in the no-gas flow tests run at this
laboratory the engine was running on the ambient gas (100 microns} in the
test tank and not on electrode material.

On the basis of this simple observation, it is clear that the propulsion
performance results reported to dated 15, 21, 22 5n MPD arcjet-like
devices are open to some question and will remain opca to question until
quantitative answers are obtained to the problem of gas entrainment.
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2. Quantitative Observations on Zero-Gas Flow Operation

A detailed series of experiments has been carried out to examine the
possibility of gas entrainment,

Firs:, a two-way gas valve was placed in the incoming propellant line so
that a given mass flow rate of propellant could be passed either through
the thrustor as in normal operation, or through the tank wall thus bv-
passing the thrustor, In either case, the ambient pressure was unchanged
since the total mass flow throughput seen by the vacuum pump was a
constant, Qualiiaﬁvely, it was observed that the thrustor operation, e.g.,
visual appearance of the jet, was relatively insensitive to whether the

gas was admitted through the thrustor or the vacuum tank wall., As in-
dicated below, at a given current both the thrustor voltage and measured
thrust changed only a few percent as the flow was diverted from the
engine through the tank wall. This observation is faken as clear evidence
that the thrustor can act as a pump acting on the ambient gases.

Table II presents measured values of the enginc voltage (V) and engine
thrust (T) for gas passing through the engine (Vin and Tjy) and for gas
passing through the tank wall {Vgyut and Toyt) 28 a function of arc current
and hydrogen flow rate., The magnet coil current was held constant, The
ambient pressure (Pambient) is a function of only the mass flow entering
the vacuum pump, and increases with increase in mass flow rate rising
from 100 microns at 10 mg/sec to 300 microns at 50 mg/sec. The tank
pressure is, of course, independent of whether the gas flow passes
through the engine or through the tank wall.

With reference to table II, there appears to be little significant variation

in either voltage or thrust as the gas flow is switched from the engine to
the tank wall. At a current of 500 amps, the measured thrust (Tjn) for
gas flow tkrough the engine increases from 42 grams to 55 grams as the
hydrogen flow rate increases from 10 to 50xl 0-3 gm/ sec; under the same
current conditions and over the same mass flow range, the measured
thrust {Tout) for vacuum tank injection remains constant at about 42 grams.
The difference in behavior might be accounted for simply on the basis of the
aerodynamic thrust mechanism, However, as indicated previously, over-
all there is little significant difference in sither engine thrust or voltage
behavior as the gas flow is switched-off from the engine and introduced
through the tank wall.
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AND PROFELLANT INJECTION OUTSIDE THE ENGINE

TABLE II

COMPARISON OF MPD ARC JET VOLTAGE AND
THRUST FOR PROPELLANT INJECTION THROUGH THE ENGINE

Hydrngen Arc Tank Arc¥ ArcH¥
Flow Rate| Current | Pressurs Voltage Thrust
3 ™ 1 Ptank Vin Vout Tin Tout

(ra/sec) |{amperes) | (microns) {voits) {volts) {grams) j{{grams)
0 500 100 62 58 42 42
30 200 72 55,5 45 36
50 300 78.5 61.5 55 42
10 800 100 60 66 70 78
30 200 70 63 75 73
30 1100 200 69.5 74 106 96

* Vin - Voltage with flow through engine

Vout - Voltage with flow through tank wall

** Tin

- Thrust with flow through engine

Tout - Thrust with flow through tarnk wall

Figure 45 presents a curve of measured overall energy conversion
efficiency as a function of hydrogen flow. The overall efficiency is based
on the measured flow rates, engine thrust lavels, and input current and
voltages shown in table II. Based on the measured flow rate the overall

efficiency exceeds 100 percent at a mass flow
Thus, at a current of 500 a

equal to about 3x10-3 gm/sec.
mps and a nominal value of back pressure equal

to 100 microns, at least 3x10-3 gm/aec must be entrained into the MPD
arcjet acceleration region for the condition of no gas flow through the

engine, If this were not the case, there would no longer be conservation
of energy.
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3. Observations on Engine Operation in a Cluosed Tank

In the next experiment the input mass flow was reduced to zero and the
vacuum pump was cut out of the system: by means of a shut-off valve. No
gae enter=d or left the system except through minor leaks in the vacuum
tank and associated piping. The engine continued to operate stably at
ambient pressures as low as 20 microns, and fcr periods of time of the
order of 1 hour. Similar observations on stable MPD arcjet operation in
a closed test chamber, with no gas flow passing through the engine, have
been reported by Hess and Brockman?? at NASA, Langley. In these
experiments #table engine operation was obtained in an argon atmosphere
at pressurées as low as 0,10 micron back pressure.

4. GObservetions on Engine Operation in Different Gaseous
Atmospheres

The engine was operated with nitrogen flow passing through it while
hydrogen was admitted through the racurn: tank wail; the vacuum pump
was operative so that the ambient pressure wa.s held constant. The
exhaust jet showed characteristic nitrogen radiation untii hydrogen was
introduced into the tank; the visible jet then gradually began to show
hyarogen radiation starting at its downstream end; as the hydrogen con-
centration in the tank increased, the characteristic hydrogen radiation
moved upstream to within about one inch of the nozzle exit plane, The
test was performed again, in this case with hydrcgen flow through the
engine and nitrogen through the side of the tank; the results were equiv-~
alent; that is, the jet was initially pure hydrogen, Iowever, as the
nitrogen concentration in the tank increased the nifrogen concentration in
the jet appeared fo increase.

5. Observations on the Behavior of a Thrust Plate in the
MPD Arcjet Exhaust

Finally, a smoall, thin tungsten we.fer was lowered on a fine tungsten
wire into the exhaust jet immedi.tely downstream of the nozzle exhaust
plane., With no mass flow throvgh the exngine, a definite eddy pattern was
observed, i,e., from the observed deflection of the tungsten wafer, in the
flow. At large radial distances from the engine axis the wafer hung
motionless; as it was lowered towards the axis, from its initial position
above the axis, it reached a region where it was violently pushed up-
stream towarda the nozzle exit plane. As it was lowered further, it was
violently pushed downstrearm: away from the nozzle exit plane, Thus,

for the zero mass flow condition there was clear evidence of a strong
eddy ingesting gas into the engine and sending it out along the axis,
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As the mass flow tarough the engine was increcased, the eddy began to
weaken until at ;nass flows greater than 5x10-3 gm/sec evidence for the
eddy disappeared. It is important to note, however, that even at mass
flow rates greater than 5x10-3 gm/sec there is evidence of gas entrain-
ment in the main jet downstreain of the engine.

These experiments indicate clearly that at the lowest mass flow rates,
in the test facility now being used, the engine drew gas from the ambient
environment and cecirculated it. At mass flow rates greater than
5x10~3 gm/sec there is as yet no evidence that this occurs, but the gas
mixture experiments do suggest that the ambient tank gas enters the
exhaust jet in appreciable quantity as close as one inch downstream of
the exit plane. If there is acceleration downstream of this point, the
ambient gas can participate. The measured mass flow rates and overall
values of energy conversion efficiency reported so far for the MPD arcjet
are thus of questionable status until the question of entrainment is
resolved.

6. Ambient Tank Pressures Required to Eliminate Gas Entrainment

An estimate can be made of the possible mass entrainment by considering
the flux of particles from tne surrounding environment which strike the
surface of the jet., If the jet surface area is A (cmz) the ambijent
pressure P (mm of Hg), and the sound velocity is ¢ (cm/sec), then the
masg. striking the jet surface in unit time by random diffusion is

';’e = nmcA/4 (27)

1

Since, for fixed pressure,c~\/T and m~T7", zhe varies as =12,

Assuming that the gas near the jet has a temperature T~300°K, then
for hydrogen ¢ = 1,2 x 105 cm/sec, and nm, where n is the particie

density and m the particle mass, is given by 9.25 x 10-5 gm/cm3
at atmospheric pressure, Thus, with P millimeters of mercury,
me ~ 3.7 x 1073 P A gm/sec (28)

It is not clear what value to use for A but ii probably lies between 100
and 1000 cm2, based on the jet appearance. Hence

3.7 x 071 P < m_ < 37P. (29)

Values of the potential entrained mass flow are presented in table IIL
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TABLE I71

~IAXINUM POSSIBLE VALUES GF ENTRAINED MASS
FLOW VERSUS AMBIENT PRESSURE

. ; R St e 5 el
NS Yty v A pnarh 7S PSS R SR *%""'m(:ﬂm ) l\% S

Ambient Max. Entrained Max. Entrained
Pressure Mass Flow Mass Flow
P (A, = 100 cm?2) (1, = 1000 cm?2)
microns milligrams/sec milligrams/sec
1000 (! mm of Hg) 370 3700
100 (10~! mm of Hg) 37 370
10 (1072 mm of Hg) 3.7 37
1(1073 mm of Hy) 0.37 3.7
3 -4
3; 0.1 (10" mm of Hg) 0.037 0.37
3

To eliminate potentizl gas entrainment effects in the power range
from 1 to 50 kw, the ambient pressure must have a value such that the
maximum potential entrained mass flow, i.e., ® = comA is less than

1 mg/sec. The ambient pressure must, therefo%e, be less thar 10~4mm
Hg {0. 10 microns).

ety

Several speculative comments may be made at this point:

a. Reduction of the mass flow does not heip to reduce the entrain-

ment fraction unless the jet area is reduced,

b. At pressures greater than 10 microns the potential magnitude of
the entrained gas flow is comparable to the engine mass flow for
engines operated in the rangs from 1 to 50 kw,

c. In the situation of no-gas flow through the engine, it can be
speculated that the thrust level will re— ain approximately constant
and the enirained gas fiow will decrease as the ambient pressure is
reduced, Thus, siuce, with decrease in pressure level, the %ua.ntiiy
of accelerated gas flow decreases, the thrust power, i.e., T¢/a

will increase, and there will be ~ corresponding increase in arc
. ] voltage.
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d. The crucial question pertains, of course, fo the extent to which

gas entrainment invalidates the existing overall efficiency versus
specific impulse data on the MPD arcjet. It is likely that at the higher
values of specific impulse (i.e,, 10, 000 seconds for Hp) and corres-
pondingly the lower values of mass flow, considerably more flow was
being accelerated by the engine than passed through the engine flow-
meter, The existence of extra =ntrained mass flow would probably

tend to leave the thrust level unchanged, but would reduce the oper-
ating voltage below the no-gas entrainment value. Thus, the presence
of gas entrainment can lead to higher estimated values of the energy
conversion efficiency than would be obtained if the engine were operating
in the hard vacuum of space, The extent of this performance deteriora-
tion can only be determined empirically.

E. ALKALI METAL OPERATION--ViATER-COOLED

The most promising tachnique for reducing the pressure in the test chamber
and thereby reducing the potential amount of entrained propellant is the use of
easily condensablepropellants such as the alkali metals, e.g., cesium and
lithium, in conjunction with a cryogenic pumping system. The alkali metals,
moreover, are attractive in their cwn right as MPD arcjet propellants because
of their relatively high frozen flow efficiencies,

1. _Engine Configuration

The basic plasma accelerator designed for water-cooled alkali metal operation
is shown in figure 46, As in the X-2C engine, the unit is cylindrically
symmetric, It consists of a central tungsten cathode surrounded by a co-
axial, water-cooled, copper anode. A magnetic field coil is mounted
coaxially with the thrustor and produces an external magnetic field with

axial, B,, and radial, By, magnetic field components,

For operation with the alkali metals, the cathode is fabricated from 1/4-
inch diameter tungsten rod, drilled out to a 1/8-inch diameter almost to
its tip, and insulated from the anode by a boron nitride tube. Near the
tip, three symmetrically placed, 0.075-inch diameter holes are drilled,
each making a 25.degree angle with the cathode axis, and meeting at its
center {see figure 46). The cathode is then an integral part of the pro-
pellant feed system.

The anode is water-cooled copper. Propellants other than the alkali
metals are injected tangentially through four ports in the anode, which
are aligned normal to the engine axis {see figure 46) and which are
presently used for starting., A boron nitride tube is press-fitted into the
anode, and insulates it electrically from the cathode, preventing attach-
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ment of the discharge to the inside surface., A water flow rate of the
order cf 6 GPM is maintained through the anode to cool the copper.

The external magnetic field coil consists of 40 turns of 5/16 o.d.

copper tubing, and is water cooled, It has an inner diameter of 3-1/8
inches, an outer diameizr of 8 inches, and is 2 inches long. Figure 47
shows a mapping ci the magnetic field distribution for a coil current of
400 amps. Each arrow represents a measured value of the magnetic field
strength at that excitation current., The arrow lesgth is proportional io
the magnetic field strength, and its direction is that of the field at the
point. The dashed lines of figure 47 have been sketched in using ihe meas-
ured values as guides, The field strength exhibits the expected linearity
with excitation current, as shown in figure 48, The peak axial field
strength at the cathode tip is of the order of 3 kgauss.

As in previous MPD arcjet tests, the thrustor anc its auxiliary magnetic
field coil are mounted on a liquid-cooled thrust stand, Measurements
are made of the engine thrust, arc current, power remcved by the anode
cooling water, vaporizer pot temperature, and ambient tank pressure.

5~ 10ose
Figure 47 MAP OF MAGNETIC FIELD USED WiTH CESIUM MPD ARCJET
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2, Feed System

The feed system which has been used consists of a hot liguid mectal reser-
voir {vaporizer}, a metering orificc, and a ncated tube for connection to
the engine cathode.

The liquid metal reservoir consists of a stainless steel closed pot which
has a 1-1/4 inch inside diameter and is 2~7/8 inches deep (figure 49). It
is surrounded by a series of boron nitride mandrcis which are wrapped
with 30-mil diameter thoriated tungsten heater wirc. Its base contains

a region into which cool air or water may be run in order to rapidly cool
the liquid meial to drop the vapor pressure. This serves to effectively
reduce the mass flow rate to zero at the end of a test in a time which is
very short compared with the running time, and thus allows calibration of
the mass flow rate during engine operation.

The liquid metal in the vaporizer is maintained at an elevated temperature;
for cesium, the temperature is in the range from 400 to 500 °C, while for
lithium it is in the range from 900 to 1200 °C. The liquid metal tempera-
ture determines the vapor pressure in the vaporizer. The vaporizer cap
includes a metering orifice of about 0.030-inch diameter and is welded to
a 1/4-inch o.d. stainless steel tube which connects to the cathode. The
stainless steel connecting fube is also surrounded by a series of boron
nitride mandrels which are wrapped with 20 -mil thoriated tungsten heater
wire. The tube and the metering orifice are maintained at a temperature
somewhat above that of the liquid metal by the use cf separate heater
supplies for the vaporizer and feed tube. This allows a given temperature
{and thus pressure) to be mairtained in the vaporizer, while the propellant
is prevented from condensing in the feed tube by the still higher tempera~
tures maintained theve.

The propellant is loaded into the stainless steel reservoir in a glove box in
which an argon atmosphere is maintained. The metering orifice is initially
sealed with a drop of solder which melts at a temperature about 25°C below
the desired operating temperature so that the propellant is not introduced
until essentially the operating temperature (and thus the desired mass flow
rata) is achieved. The vaporizer pot temperature and the feed tube tem-
peratare are measured with Chromel-Alumel thermocouples, an additional
Iron~-Constantan thermocouple imbedded in a stainless steel sheath is
immersed in the liquid metal as an auxiliary measuring device.

The vapor pressure -temperature relation for cesium is shown in figure 50.
The estimated mass flow rate is shown in figure 51 as a function of orifice

diameter for an assumed discharge coefficient of 0.5. Measured values of
the mass flow rate yield an experimental value for the discharge coefficient
in the vicinity of 0.4,
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The initial weight of propellart in the vaporizer pot is determined by !
weighing on a balance scale., The time at which cesium vapor begins tc

flow (solder plug melts) is recorded. By weighing the system again, the

total cesium mass expended during the run is determined. The ratic of

total mass expended to total time elapsed is taken as the average mass

flow rate, at the average operating tempevature. Thie average mass flow

rate is then corrected for any ‘emperature variatio s during the run by

use of figure 51, As mentioned above, this method yields a value for the

discharge coefficient of the order of 0.4, -

3. p_g_g_i:ga Operation

Operation of the engine with cesium is as follows, When the feed system
has been brought up to a temperature of about 375°C, and the heater insula-
tors have been allowed fo outg:is for some time, the line leading directly

to the mechanical pump is opened and it pumps in parallel with the diffusion
pump. The discharge is struck using hydrogen as propellant injected
through 1e normal tangential ports, and the ambient pressure rises to
about 200 to 300 microns. The arc current in the cathode combined with
the . systen: heaters raise the vaporizer pot temperature to about

38. - , at which point the solder plug mults and is blown out by the high
internal arygon pressure. (The argon pressure in the vaporizer is raised
from the initial one atmosphere loading pressure to about 35 psi at the
solder melting temperature.) Cesium begins to flow and the hydrogen

flow is shut off, The direct line to the mechanical pump is closed and

only the diffusion pump is effective. The ambient tank pressure rapidly
{seconds) falls* to about 0.1 micron as the hydrogen is exhaucted, and

the liquid nitrogen baffle plate condenses the exhaust cesium vapor,

At the end of a run, the vaporizer pot heaters are tucrned off and cool air
followed by water is used to lower the vaporizer temperature very rapidly
to room temperature. This effectively reduces the cesium mass flow rate
to zero.

4. Voltagc Measurements

A series of measurements was made to determine whether the environ- :
mental test tank and/or the baffle plate were interacting with the engine.
Specifically, tests were made to determine whether the tank was carrying
a significant fraction of the total arc current -~ a situation which would

lead to erroneous engine performance measurements,

The voltages were measured using a Tektronix type D plug-in unit in con-
junction with a Tektronix oscilluscope. During cesium operation, the

* As measured by an ionization gauge. The effect of cesium on the accuracy of this gauge is uncestain.
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cathode -to-tank voltage was of the order of 10 to 20 voits; the remaining

50 to 80 velts between anode and cathode was present between the anode

and tank, Various resistors were then connected between the cathcde and
tank to determine the ''resirtance' of this path and thus the current flow
through the electrical path consisting of anode -plasma-~tank-~plasma-cathode.
This “resistance' wae .neasured to be of the order of 500 ohms. This
corresponds to a curvent fiow of about 25 milliamps {for a 12,5-volt drop
between cathode a~d tank). The total arc current was about 100 amps.

The tank circuit thus carried less than 1/10 of 1 percent o the total arc
current,

During «he performance of the above tests, several observations were
macd¢ which are, as yet, nof fully understood. When the engine was running
~a hydrogen as propellant, the tank potential was about halfway between

the anode and cathode. As the engine warmed up, the tank potential came
closer to that of the cathode, the cathode-tank potential difference falling
from about 50 volts to about 25 volts., As the zesium began to flow, the
cathode -tank potential difference dropped even further to about 15 volts.

Another, and possibly more interesting observation was also made on the
difference betweea hydrogen and cesium operation. When the engine was
operated with hydrogen, the oscilloscope trace of both cathode-tank and
anode -tank voltage differences was essentially flat, that is, any ripple
present was several orders of magnitude smaller than the voltage differ-
ences themselves, On the other hand, two distinctly different voltage
patterns were seen with cesium. In neither case was the ripple small,
In one case, which corresponded tc a large cathode-anode voltage differ~
ence {~ 100 volts), the anode-tank voltage difference showed no rippie
whereas the cathiode-tank voltage was on the order of 10 to 20 voits with
a ripple of about &+ 100 pevrcent at a "frequency" of about a megacycle per
second, In the otner case, corresponding to an anode-cathods voltage
difference of about 6 volts, the cathode~tank voltage difference wus con-
stant; the annde-tank voltage difference wacs, however, about 50 to 60 % 10
percent volts, also at a frequency of the order of 2 megacycle.

5. Propulsion Performance

The liquid-cooled MPD arcjet engine described above has been operated
with ceaium as the propellant. A typical test lasts between 30 minutes

and 60 minutes. Electrode erosion is insignificant, A table listing
measured performance results is giver in appendix D, With reference

to this table and to the discussion which follows, it should be pointed out
that the input power to the device is calculated as the product of arc
current and arc voltage; power supplied to the magnet and power used to
vaporize the cesium in the boiler pot are not included. The major reasons
for this are that {i) it is not yet clear what sort of magnetic field is optimal,
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and it is possible that the optimal! magnctic ficld may be such that it can be
supplied by a permanent magnet; {ii) no attempt has been made to optimize
the boiler pot configuration; and (iii}) at this stage of engine development

it may obscure important trends in arc efficiency to lump all input power
together.

The engine operation with cesium vapor has been fairly straightforward.
With the exception that the metering of mass flow rate must be handled
differently, the operation in cesium has been essentially like that with
ordinary gases. Figure 52 is a photograph taken from outsid : the test
tank during operation with cesium. The magnet coil is seen a the left
side of the picture, as wel: as the engire exit plane, There ir a central
core of intense illumination issuing from the center of the exil plane and
extending downsiream approximately two feet. A coaxial zone of less
intense illumination surrounds the centrzl core. The outer boundary of
this less intense zone is shaped essentially like a magnetic field line.
These major features ¢f the exhaust appearance are always present,
although the absolute intensity of each zone, the length of the central
core, etc., are functions of the operating conditions. For the photograph,
the arc current was 135 amp, the voltage 70 volts, the magnetic field
strength 2, 15 kgauss, the cesium mass flow rate 6 mg/sec, and the
ambient pressure 0,1 microu.

The voltage of the cesium MPD arcjet appears to be magnetic field dependent,
as was the case with the ordinary gases tested earlier. Figure 53 shows the
measured arc voltage for currents ranging fi.m 70 to 140 amp and for
cesium flow rates ranging from 3.5 to 6 mg/sec, as a function of magnetic
field strength from 660 to 3300 gauss. There is a considerable scatfer of
the data points, with the voltage varying from about 60 volts to 120 volts at
one magnetic field strength, 2200 gauss, Still, there is a trend to the data
of increasing voltage with increasing magnetic field. A straight line has
been drawn on figure 53, but the daca scatter is such as to make a quantita-
tive estimate of the slope rather uncertain, It does appear that if the voltage
bebavior of this engine with cesium is to be explained on the basis of the
critical -velocity hypothesis of Patrick and Schneiderman, 23 the character-
istic length which must be associated with the field-plasma interaction is
extremely large -~ on the order of one meter. If instead the characteristic
length is of the order of one centimeter, as was the case for the ordinary
gases used earlier, then the velocity arising from the slope of figure 53 is
about two orders of magnitude higher than the critical velocity., Alternatively,
the critical velocity can be redefined to include energy for multiple ioniza~
tion; this would tend to bring the measured voltage-magnetic field slope
closer into line with the critical velocity, but atterapts to do this are post-
poned until better evidence is available to determine the slope and the
degree of ionization.
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The power lost to cooling water during operation with cesium is plotted as
a function of current in figure 54. Previous results with the ordinary gases
had indicated that the power lost to cooling water in MPD engine operation
correlated well with current; it appeared that the losses could be accounted
for by a constan’: voltage drop of apprcximately &5 volts associated with the
electrode fall regions. This is not the case for the data of figure 54. The
power lost to cooling (in this case, exclusively the anode since the cathode
is not cooled) is a relatively weak function of current, rising from about
5.5 kw at currents of the order of 75 amps to about 7 kw at currents of the
order of 175 amps*. Since ‘he input power levels for these data were
always in the near neighborhood of 10 kw, the arc efficiency, defined as the
ratio {(power to the gas)/{power input to the arc) is rather low, being typi-
cally about 30 to 40 percent,

Figure 55 is a plot of overall engine efficiency as a function of specific
impulse for the data obtained with cesium. All the data points are plotted
to the same scale, so that there are represented a magnetic field range of
0.5 to 3.3 k gauss, a current range of 70 to 180 amp, a voltage range of
35 to 120 volts, and an input power range of 5 1o 10 kw. The ambient pres~
sure in the vacuum tank was in all cases between 0. 05 and 0. 2 micron, and
the arc efficiency varies between approximately 22 and 38 percent.

According to figure 55, the efficiency is a linear function of the specific
impulse, passing through the origin of coo:dinates and rising approximately
4. 5 percent for each 1000 seconds of specific impulse. Sufficient data have
been accumulated in the range of specific impulse from 1000 to 3000 seconds
to make this correlation fairly firm.

An interesting correlation is observed in figure 56. Here the ratio of over-

all efficiency to arc efficiency is plotted as a function of magnetic field
strength. An acceleration efficiency can be defined ty.

Thrust Power
&cc Power to Gas

such that the overall efficiency is given by

% = facc Carc

* The cooling can algo be correlated with IB, the product of arc cuments ad magnetic field strengch. It is oot yet
clear what s}piﬁmoe this has.
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Hence,

€ace = €oftarc

and the ratio of overall efficiency to arc efficiency is the acceleration ef-
ficiency. According to figure 56, this acceleration efficiency shows a vari-
ation with magnetic strength, achieving a maximum at a field strength of
approximately 2 kgauss for the engine and magnet configuration employed
here. Under the best conditions the acceleration efficiency is 40 percent

: while at the worst it is less than 20 percent. Some caution should be ob-

! served at this time with regard to this optimum; the data points at magnetic
field strengths greater than 2.2 kgauss were all taken with one value of
cesium flow rate and arc current, and there may be some characteristic

of operation with this flow rate and current which produces a falloff in ac-
celeration efficiency with magnetic field strength. More data are necessary
to resolve this uncertainty,

ORIV DAL+ 26
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F. ALKALI METAL OPERATION--RADIATION-COULED

1. Engg‘ne Conﬁggratio:

LRI eEe

The successful operation of water-cooled MPD arcjet engines with alkali
metal propellants has led directly to testing of radiation-cooled engines of
similar geometric configuration. With increased anode operating tem-
peratures and the possible increase in thermal efficiencies, the overall or
propulsion efficiencies at given specific impulse should increase as well,

The initial radiation-cooled engine to be operated at this laboratory using
cesium as propellant, with essentially the same cathode injection and feed
system as were used with the water~ cooled engines, is shown in figure

57. The anode is fabricated from a thoriated tungsten cylinder. The
starting gas {hydrogen) is injected through the cathode and is preheated by

a four-inrch heater. The heater consists of several mandrels of boron
nitride surrounding the 1/4 inch 0. d, hydrogen feed line and wrapped with
about 12 feet of 30~mil thoriated tungsten heater wire. The hydrogen is pre-
heated so that the jointure with the cesium feed line {see figure 57) is not

w : cooled to a temperature below that of the vaporizer pot. This prevents the

s ' condensation of the cesium vapor in the feed line which would cause sporadic
- _ operation of the engine and 'spitting*® of droplets of liquid cesium,

b Mme s Ambtabes e g s v

For radiation- cooled operation, the magnetic field coil is shielded from
the exhaust jet by a water-cooled copper jacket. T.ere is no physical con-
tact between the anode surface and the coil jacket, so that the anode is not
cooled by thermal conduction to the jacket. The magnetic field coil has an
inner diameter of 4-1/4 inches, an outer diameter of 9 inches, is 2 inches

;.

e
£
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long, and made up of 41 turns of 5/16 inch o.d. copper tubing. [he nower
removed from the field coil jacket coolant is measured with a chromel-alurnel
differential thermopile.

Because the mass flow in the initial feed system depended upon the pressure
of the vapor in the vaporizer pot, it was necessary that the vaporizer tem-
perature be controlied within rather narrow limits in order t« <btain a con-
stant, accurately determined. mass flow. The initial systern was replaced
by the system shown in figure 57a. The vaporizer pot is used merely to
maintain the propellaut in a liquid state. The argon pressure above the
liquid may be varied at will, and the mass flow is directly proportional to
this pressure. A large argon reservoir is connected in parallel with the
vaporizer pot to maintain a constant pressure once the pressure value has
beer. selected. The fine tungsten wire (~5 to 10 mils) is inserted in the
feed tube { ~ 25 mils i.d.)} to prevent the propellant from eatering the
cathode cavity in a series of drops. The propellant is allowed to ''run
down'' the wire, in liquid form touch the hot cathode, and vaporize. It
then enters the engine anode region as .. vapor.

2, Propulsion Performance

Both cesium and lithium have been used as propellants in the radiation-
cooled MPD arcjet, and some data have been obtained for each propsllant,
The engine operation with lithium has been far smoother than with cesium;
with the latter propellant, perhaps because of inadequate mass flows to
produce sufficient particle densicies in the acceleration region, engine
operation was characterized by sporadic erosionof the cathode and the
cathode insulator. As a result, it was not possible to produce a set of
systematic propulsion data of accuracy comparable to the data obtained
with the liquid-cooled engine. However, it has been pu=sible to compare
certain operating points obtained with the radiation-cooled engine; although
the comparison is subject to the scatter and inaccuracies of the data ob-
tained in the radiation-cooled engine, it appears that t..e two sets of data
are consistent. At power levels up to 5 kw kilowatts {approximately 40
volts at 120 amperes) peak Isp values of almost 3000 seconds were reached
with overall efficiencies of 15 percent. It is stressed that these data are
badly scattered, and they are not tabulated here because of the uncer~
tainties attached to them, The situation is much improved with lithium
operation,

- ) . Performance data obtained with the radiation-cooled alkali metal MPD arc-
- jet using lithium as propellant are listed in the table of appendix F. Figure
58 shows a plotting, of overall efficiency versus specific impulse for this

) lithium fueled engine. Ajthough the scatter in the measured values is

AN appreciable, the data may be fit by the straight line drawn on the figure.
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In this respect, and with respect to the efficiencies achieved in the 4600-
to 6000-second specific impulse range, the lithium performance data are
not greatly different from those previously obtained with, say, hydrogen,
notwithstanding the extremely different ambient tank pressure coaditions
under which the data were taken. The hydrogen data were obtained with
ambient backpressures of the vrder of 100 microns; those for the lithium
propellant were taken with tank pressures of the order of a fraction of a
micron., In comparison with the large number of hydrogen data points,
however, the amount of lithium data is relatively scant and the direct com-
parison is not totally valid at this time. More lithium data are required
for a firm comparison, and these are being compiled.
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I, MAGNET SUBSYSTEM

A, ELECTROMAGNET DESIGN

Studies have been initiatzd to determine the weight penalty associated with the
magnet subsystem required for MPD arcjet operation. Because the magnitude
and shape of the magnetic field required for optimum MPD arcjet operation are
not yet clearly defined, the following remarks must be considered preliminary.
For the purpose of discussion, it has been assumed that the required magnetic
field distribution can be obtained with a solenoid; further, for referemnce pur-
poses, the field s7cength at the core center has been taken as the basic design
parameter. Briefly, as will be described below, a semiquantitative comparison
has been made of the weight of a radiation~cooled magnet system and the weight
of a liquid-cooled magnet system; the weight comparison is based on the ground
rule that both systems produce the same field strength at the center of the sol-
enoid.

1. Fabry Formula

The axial field strength at the center of a sclenoid 1s given by the Fabry
relation, which has the fm:rn:z4

z ° e )

where, B, (kgauss) is the magnetic field strengtk, G is a geometric factor
which depends on the coil geometry (i.e., ratio of outside to inside radii
r,/t, = a,and length-to-diameter ratio, I/2r; = B8), P (megawatts) is the
power input, A is the fraction of the coil occupied by the conductor, p{ohm-
cm) is the resistivity of the coil, and {cm) is the inside radius of the
coil,

The geometric factor, ¢, is a relatively weak function of the radii ratio,

a, and the coil length to diameter ratio, 8. The maximum value of G is
aboat 0. 20 which corresponds to values of both 8 and ain the range 2 to 3.
For the purpose of the following semiquantitative discussion, G will be
assumed a constant equal to the maximum value of 0. 20 and boin 8 and

« will be assumed to be of the order of 2 to 3. By preselecting values

of G, a, and 8, the prcblem of estimating magnet system weights in con-
siderably simplified; further, from the viewpoint of an order of magnitude
analysis, these quantities only have a second-or ler effect on the calcu-
lated results.
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Substituting G = 0. 26 into equation {30) the Fabry relation can be written:

P = 25x1072 pr, B2/ {31)

Dimensions are: the input power, P {kw), the resistivity, p (10"6 ohm-cm},
the inner radius, r; {cm), the axial {ield, B, {kgauss), and the fraction of
coil occupied by the conductor, A {dimensionless}). Equation {31) with the
dimensional units as indicated, is used below.

From the Fabry relation {equation 31), the solenoid input power is pro-
portional to. the square of the axial magnetic field strength, and directly
proportional {o the solenoid material resistivity and inner radius. Figure
59 preseats normalized magnet input power as a function of axial magnetic.
field strength at the center of the solenoid, The solenoid is at room tem-
perature. For a l-cm inner solencia radius and a magnetic field strength
of 2.5 kgauss the required input power is about 260 watts; if the inner radius
were increased to 5 cm, the required input power would be 1300 watts.

Figure 60 shows the resistivity cf copper as a function of temperature; as
the temperature is increased from 50 to 500°C, the resistivity increases
from about 2x10”% ohm-cm to 5x107® ohm-cm. Thus, for fixed field
strength and inner solenoid radius, the required input power increases with
increase in solenoid temperature {equation 31). Figure 61 presents ihe
normalized magnet power input, i.e., normalized with respect to an axial
field strength of 1 kgauss and an inner radius of 1 cm, as a function of
temperature. The required input power increases from 50 fo 150 watts as
the coil temperature is increased from 50 to 500°C.

2. Radiation-Cooled Magnet Subsystem

The major purpose of this discussion is to estimate “he potential weight
penalty associated with the MPD arcjet magnet subsystem, In the present
section, estimates of the weight of a radiation-cooled magnet subsystem
are presented; the following section includes estimates of the weight of a
liquid~-cooled magnet subsystem,

The weight of a magnet is given by

Vipag = 27 52 w(a? - 1) B2 (32

whkere r; is the inner solenoid radius, w is the density of the magnet ma-
terial, a is the solenoid radius ratio, Sis the length to diameter ratio, and
A is the fraction of conducting material in the coil. For the radiation~

cooied magnet, A is assumed to be equal to 1. For the assumed values of
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aand B the coil weight, to a first approximation,is given by

Viag = 7550 WA . (33)

For copper, w= 562 Ib/ft3 and A= 1, the weight of the magnet is given by

Vg = 155770 . {(34)

The weight of the magnet is, of course, proportional to the third power of
the inner coil radius.

The radiation area of the coil is given by

A = 2052 (aBrd-1) . (35)
For the assumed values oi a and 8, the radiating area becomes

A '-'-’ 100 riz c? . (36)

In the case of the radiation-cocled magnet ail the input power maust be
radiated from the magnet exterior surface, The calculaiional procedure
then is as follows: aj select an inner coil radius, .fi ; this establishes the
radiating surface of the magnet (equation (36) Jand the weight oi the magnet
{equation(34) b} choose an operating temperature and estimate a surface
emissivity, {e.g., in the present calculations ¢ = 0.60); this determines
the maximum power input from P = co AT4; ¢} from the eutimated power
input, the assumed temperature which fixes the resistivity, and the as-
sumed inner radius, the axial magnetic field on the scolenoid axis can be
estimated from the Fabry relation (equation 31); d} the weight of the re-
quired magnet power supply is estimated from an assumed power supply
specific weight of 50 1b/kw.

The weight of a radiation~cooied magnet system is shown as a function of
axial magnetic field strength for inner solenoid radii of respectively 1, 2.5,
and 5 cm in figures 62, 63, and 64. The radiation-cooled magnet system
weight incluses the weight of the power supply and the weight of the magnet.
The weight of the coil is, of course, independent of the field strength, The
weight of the magnet system increases with magnetic field strength because
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of the increased power requirement. At a fixcd strength of 1 kganuss the
weight of the magnet subsystem increases from 7.5 to nearly 210 pounds as
the inne. radius is increased from 1 to 5 cm.

3. Liquid-Cooled Magﬁet Subsystem

In the case of the liquid-cooled magnet the input power is removed by a
closed~loop cocling system with external radiator. The weight of the
liquid-cooled magnet subsystem assembly must therefore include the
weight of the radiator as well as the weight of the magnei and power supply.

The calculational procedure for determining the weight of the liquid-~cooled
magnet subsystem is as follows: a) select the rejuired solenoid inner
radius, f;; the required axial magnet field strength, B, .; and the radiator
operating temperature, Trad; o) the operating temperature establishes
the coil resistivity; and the resistivity, p , comhined with the required
magnetic field, B,, the solenoid radius, r; , and the packing factor \ =
0.70 makes it possible to estimate the required magnet power from the
Fabry relation {equation 31), c¢) the weigh: of the magnet coil can be de~
termined from equation {34}, again assuming a ,acking factor, A = C.70;
¢} the radiator weight is estimated using an assumed specific radiator
weignt of 7x10™% 1b/cm? {or 3.2 kg/mz).

Figures 65, 66, and 67 present plots of systum weight versus magnetic
field strength for inner solenoid radii of 1, 2.5, and 5 cm,respectively,
The actual magnet coil becomes a larger fraction of the total system weight
as ine inner vadius is increased; this, of course, might be anticipated since
ng~ 'i3 and WPovm supply ™ it For inner solenoid -—adii up to 5 cm,
and axial magnétic fieltaP strengths up to 3 kgauss, the weight of the external
radiator is a relatively small fraction of the total system weight. It is
important to recognize, however, that the presence of an exterzcl cooling
system will introduce reliability problems, and further, in the above semi-
quantitative calculations, no weight allowance has been made for the cooling
pump or coolant.

To iilustrate the probable size of the radiator, assuming an coperating tem-
perattire of 100°C z21d an emissivity of 0. 60, the emiited radiation is 6510‘
w/em®; therefore, the required radiating area for 100 watts is 0. 17 m", for
500 watts, 0,83 m%, and for 5000 watts, 8.5 m“, At power lewls of the
order of 1 -kw, the required radiator areas appear reasonable in terms of
possible spacecraft designs,

4, Weight Comparison of Liquid. aid Radiation-Cooled Magnet Subsystems
L2

Figures 68, 69, and 70 present comparisons of total magnet system weights
as a function of axial magnet field strength for inner solenoid radii of
1,2.5, and 5 cm respectively, The basic conclusion from this comparison
is that {within the limits of the analysis)the weight of a radiation-cooled

=115~
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magnet system is about three times the weight of a liguid-cooled magnet
system to produce the same axial magnetic field strength. At values of in-
ner solenoid radii of the order of 1 cm, and field strengths up to 1 kgauss,
the absolute weight penalty arcruing to the use of a radiation-cooled magnet
is only of the crder of a few pounds, and can perhaps be tolerated from the
viewpoint of gaining reliability, At inner solenoid radii greater than 1 cm,
and magnetic fields gredter than 1 ' kgauss the weight penalty associated
with the radiation-cooled system is substantial and probablv cannot be tol-
erated.

To conclude, table IV presents estimates of magnet subsystem specific
weights for the MPD arcjet. The magnet subsystem spe-ific weight is de~
fined as the ratio of engine power to subsystem weight. Two power levels
appear attractive for solar-powered MPD arcjet operation,i.e., 1 to 10 kw
and 20 to 40 kw; at the 1- to 10- kw power level the required inner solenoid
is assumed to be of the order of 1 cm, while at 20 to 40 "kw' the required
inner radius is assumed to be of the order of 2 cm. Similarly, the required
solenoid axial field sirengths are assumed to be in the range from 1 to 3
kgauss.. It is stressed that the assumptions regarding inner solenoid radii
and required field strength are working hypotheses, The resuits in table

IV are thus only as valid as the assumptions. With due qualifications, the
results in table IV do suggest, however, that, excepl at the very low engine
input power levels, i,e., order of 1 .kw the specific magnet system weights
appear quire tolerable and well within the current solar-powered electric
propulsion subsystem design goal of 25 l1b/kw.

B. PERMANENT MAGNETS

The magnet geometry considered was a cylinder of inner and outer radii r and
R, respectively, and length 2L., The two cases are: {1} axially magnetized and
{2) radially magnetized cylinders. The magnetic field strengths in the region
exterior to the irsxagnet material may be determined by the method of magnetic
bound current. The field distributions in the regions exterior to the magnet
are found to be identical to those of solenoid:1 current distributions.

For the axially magnetized matez.al, the field strength distribution is the same
as that of two concentric solenoids of radii r and R, each carrying a current per
unit length, M, but in opposite directions, M is the magnetization of the magnet
material. It is seen that this configuration has certain obvious.disadvantages.

First, and of major consequence,’ is the large caacellation of field strength due
to the two "'solenoids’. The field strengths achieved are an order of magnitul=
lower than those achieved with an electromagnet. Secondly, the field distribu-
tion is not at all similar to that of a single solenoid.

The radially magnetized configuration appears much isore promising at this
time. The field distribution is the same as that of two very thin solenoids lo-
cated at the end faces of the cylinder, although carrying currents in opposite
directions. If the cylinder is of sufficient length, the field strength and its
spatial distribution at one face and outside the magnet is essentially that of a
single, thin solenoid situated ai the end face. The other '"solenoid' is far enough
removed to have little or no effect upon the field in this region.

The present indications are that field strengths of the order of 1 kgauss can be
achieved with such a magnet with a weight penalty on the order of 50 to 100
pounds, This is cc.nparable to electromagnet systems,
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TABLE IV

MAGNET SUBSYSTEM SPECIFIC WEIGHT

“ngine Inner Solenoid Required System Specific |
Power Level Radius Field Strength Weight Weight
{kw) {cm) (kilogauss) {pounds) {ib/kw)
1 1.0 1.0 4 4
2.6 11 11
3.0 25 25
10 1.¢ 1.0 4 0.4
2.0 11 1.1
3.0 25 2.5
20 2.5 1.6 24 1.2
2.0 42 2.1 ‘
3.0 75 3.8
40 2.5 1.0 24 0.6
2.0 42 I.1
3.0 75 1.9
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IV, APPLIED RESEARCH

A, INTRODUCTION

At this time, MPD accelerator research is being pursued at several labora-
tories including this cne., The research programs differ in the propellants b~
ing used, the ambient pressure levels, the magnetic field strength applied, and
in other detzils, Various hypotheses have been put forth in an attempt to explain,
or at the least to correlate, the apparent accelerator operation with the controll.
able parameters. In addition, varied diagnostic studies have been pursued in
the different laboratories, The purpose of this section of this report is to in-
tegrate the information which is now available from all sources, and to present
the results of experiments and analyses carried out at Avco RAD, with a view
toward summarizing the current state of the art in our understanding of MPD
arcjet operation., A tentative model of MPD arcjet operation, which is principally
electrothermal in nature with a magnetic nozzle, is then proposed,

B, CONDITIONS IN THE MPD ARCJET EXHAUST

1. Appearance of the Exhaust

At a low ambient pressure (order of 100 microns or less, down to the

order to 10~ micron) the exhaust jet of the MPD arcjet shows several
qualitative features which are common *o operation over a fairly wide

range of current levels and magnetic field strengths, A central core is
visible which emits intense radiation, and which grows in diameter slowly
in the downstream direction, The annular space immediately around thia
core is relatively dark., Just outside of this annular egion is a second
luminous region, the cross sectional area of which changes sharply with
distance downstream. The inner boundary of this second annular region
appears to be circular in cross section, and the diameter of this bounding
circle grows in the downstream direction more rapidly than the diameter

of the core, The outer boundary of this second annular region is also circu-
lar in cross section, and the diameter of this bounding circle grows extreme-
1y rapidly, such that the projected view one obtains from the side is of an
exponential or horn shape. Qualitatively, each of these shapes can be ex-
pinined on the basis that they represent magnetic field lines, Near the

axis of the device the field lines tend to be fairly parallel, opening slightly
in the downstream direction. As one proceeds away from the centeriine,
the spread of field lines becomes more rapid,

2. Estimates of Density and Mean Free Path

An approximate relation for the number density of particles as a function
of pressure and temperature is given by
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In the ambient gas in the test tank, the teinperature varies from essentially
room temperature near the tank walis to a higher value near the outer bonnd-
ary of the jet, If this higher temperature value is taken as approximate.iy
1000°K, then for the data reported here with cesium flow rates of 3 tg 6
mg/sec, the density of particles in the ambient gas is in the range 10
to 3x1012 partick.s/cm”, where a pressuve of 0,1 micron is assumed., The
mean free path for collisions is related to this number density and to the
cross section by

A= —

no

8o that for a collision cross section of 10 14 cmZ {for neutral cesium)38
the mean free path is of the order of 0.3 to 1 meter. This is comparable
to the testtank. dimensions, so that collisions of ambient gas particles
with the tank walls are as frequent as particle-parricle collisions.

Within the jei structure the temperature can be very much higher, but the
pressure is also likely to be much higher owing to mmagnetic pinching,
Further, the collision crcss vsction for charged particles may be of the
order of 10~13 ¢m?, rather than 10~14 cm?, The effect of these changes
is to reduce the mean free path by more than two orders of magnitude, to
the order of a millimeter,

3. Electrical Characteristics

Voliuge probes have been used by Hess and co~-workers at NASA-La.ngleyzé” a1

and at this laboratory.* The results of these investigations, in general,
are comparable, It appears that the major voltage drops occur along lines
normal to the applied magnetic field, while the voltage drops parailel to the
field lines are smaller. Thus, from the cathode tip tv a point well down~
stream (order of 12 inches) the voltagz drop may be-of the order of 30 per-
cent of the arc voltage, since this is along the magnetic field.

.‘-Ioluge peove measurements at higher ambient pressutes are reported by Powerr and Patrick, 28
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Cann and co-workers at EOS%? have used cooled Hall effect probes to measure
the tangential magnetic field distribution, yielding thke axial curresnt density in
the exhaust. Their results indicate that the main axial current flows in the
central core of the discharge, leaks off steadily with distance downstream to
join the "anode jet,’ and returns in the ' anode jet,* which is identified with
the outer bright region in the exhaust,

Estimates made at Avco RAD indicate that, in the case of cesium, this
current must be carried by electrons almost everywhere, The atomic
weight of cesium is so large that a flow 2f 1 mg/sec of singly ionized
cesium atoms represents a current of only 0, 7% ampere. For the massg flows
employed during the tests reported above, 3 to 6 mg/sec, the ions can
carry only of the order of 5 amperes while arc currents of as much as 180
amperes have been run. Tc account for this disparity by maltiple ionization
would require levels ¢” ionization of the order of 30, which appears to be
quite out of the question from theoretical considerations. More complicated
explanations involving neutralization, recirculation, and reionization of

the cesium atoms can be proposed, but this too seems unlikely on theoreti-
cal grounds. Therefore, it is concluded that the great bulk of the current

is carried by electr« 3 which are emitted from the cainocae, flow down the
centrzl core of the discharge, diffuse into the anode jet over & sizable

axial distance, and return to the anode,

1 4, Veloc_x_ly'

Velocities in the MPD arcjet exhauct have been measured in three ways,
two of which depend also on a mass flow measurement, and one of which
is independent of the mass flow measurement, Agreement is fairly good
over much of the specific impulse range investigated,

PPN Nl IRY A % 438 A AR D vm'm“l!‘f’"#'"7""'?"”&””“?"'"}#'fmw-"}wwm?.mﬂm

e sl ars e e .

The indirect measuremsents have been made using thrust plates and thrust
balances. Thrust balances were sed at Avco RAD?! and at EOS® and
Giannixi Scienti 30 and thrust plates at Avco Everettsl. EOS3 Z’ and
NAS;:A.-Langley. Thowe groups which worked with argon or a heavier
gas obtained evidence of higher velocities in the exhaust jet than could be
H accounted for by equating the kinetic energy per ion to the potential drop

’ in the discharge multiplied by the elect.onic charge, Multiple ionization

. required is quite large {(order 5 to 10 times ionized for some of the data)
- and is thought unlikely.

Since the quantity measured in these cases is associated with the jet moment-
um, the velocity which is calculated depends also upon the mass flow rate
measurement. Entrainment of ambient gas couid disturb this picture and
lead to erroneous values of the deduced velocity., Even though measurements
have been reportegsat gressures thought to be low enough to preclude signifi-
cant entrainment, " "* ¥*; a more direct velocity measurement is desirable,

e anrre
EOS recently repotted snomaious l,p values for lithium, which bas an atomic weight of caly 7. See reference 34,

k
h
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Such a measurement has been made recently at Avco RAD. A ux3B

velocity probe developed under another program has been employed n

the exhaust of an MPD arcjet to make direct velocity measurement: The
ux B probe is, in concept, an open cu cuited MHD generator, The emf in-
duced in such a generator when a plasma flow passes through it with a
velocity u normal to the applied magnetic field Bis proportional to the
magnitudes of 1 and B, and to a dimersion between the sensing electrodes,
In the particular probe employed at this labora.ory the applied field B is an
alternating field, excited by ordinary 60-cycle power. Thus the output signal
of the generator is alse 60-cycles, Since the output signal magnitude is now
independent of floating dc potentials, the signal-to-noise ratio is very large
at quite modest applied magnetic field intensities. Usable signals are ob-
tained with applied magnetic field strengths as low as 1 gauss. This value
of applied field is thought to be so low that the effect of the applied field on
the plasma flow is negligible. A more complete discussion of measure
ments made witk the u x B probe and their interpretation and validity to
direct velocity determination is given in appeundix G.

The velocities measured with this probe in argon accelerated by an MPD

arc correspond to a specific impulse as high as 3003 seconds. For an

argon ion the kinetic energy at this velocity is approximately 200 electron volts.
volts, Since the applied arc voltage in this test was of the orde- of 30 volts,
there is little question that the enargy per ion is larger than could ke ob-

tained from dropping through the applied potential. It is thought unlikely

that the argon jons would be seven times ivnized.

s, Conclusions

The observations listed so far seem to indicate that the eiectrons are the
principal current carriers, at ieast in cesium operation; that the anomalous
I, values are obtained at a number of laboratories over a considerable
arubient pressure range; and that there is so far no indication of sufficient
voltage drops in the plasma to account for the acceleration of 10ns by elec-
tric fields. A model is tentatively proposediv account for these facts in the
next section.

ACCELERATION MECHANISM
1, Description

With this as a background, considerable thought has been given to the
mechanism of acceleration in the MFD arcjet, A mechanism is proposed be-
low and given in more detail in appendix E which appears to explain the
observed phenomena, and which allows comparison witi: the experimental
results, The proposed mechanism is still {entative, depending up~n the
outcome o £ further measurements,
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Basically, it is tentatively suggested that the energy is added to the propel-
lant in the form of heat through ohmic dissipation, and the high specific
impulse values are obtained by expansion in a nozzle. The contribution of
the applied magnetic field is to form the nozzle which is magnetic. The
action of Hall currents is to modify tke contonr of this magnetic nozzle.
This suggestion has been made previocusly by others, including Hess,
Patrick, and Cann, in general discussions of MPD acceleration processes.
We are suggesting that the performance we have so far measured in cesium
can be best explained on this basis.* It is stressed that the suggestion is

a tentative one. The motivation for ‘his concept comes from the observed
fact that velocities are obtained in the exhaust which appear tc be too large
to account for by acceleration in the applied electric field, and that voltage
probe measurements ‘n the exhaust give no indication of anomalies owing
to space~charge effects. Since particles can be accelerated only by colli-
sions or by fields, and since there is so far no indication that the required
fields are present, we have attempted to investigate collisional mechanisms.

Y s o

” : Figure 71 is a sketch of the exhaust jet issuing from the MPD arcjet operat-
ing with cesium. It is based on the photograph of figure 52. A qualitative
picture of the engine operation can be stated as follows:

a. The cesium leaves the engine structure from the vicinity of the
cathode iip as a vapor. It is ionized almost immediately, since the
first ionizaticn potential is so low (3, 8 volts), and the collision mean
free path is shozrt,

b. The ionized cesium enters a vacuum chamber where the ambient
pressure is kept low {approximaicly 0.1 micron). The static pres-
sure within the cesium vapor is much highesr, and the vapor tries to
expand. However, it is a highly ionized plasma in a inagnetic field.
Near the cathode tip the field is nearly pure axial, and expansion in the
radial direction would force the plasma to cross field lines. This would
set up Hall currents to increase the magnetic pressure. As a result,
the plasma expands vervy little in the radial direction.

LA e D

c. The arc current, carried by electrons, flows thrrugh the plasma
in an essentially axial direction through this magnetic channel. There
is a leakage of electrons in the radial direction, which increases in the
downstream direction as the magnetic field weaxens and becomes less
axial, The electrons find a magnetic field line which terminates on the
anode and return to th2 anode along it. ¥€lectrons carry the current
everywhere, with only a small portion carried by ions.

*Entraiumeat would also explain this perfocrance. If the pressure measus s are valid within a factor of 3, entrain-
ment can be ruled out, but we ate not suse of the behavior of ionization gauges in cesium vapor.
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d. Cver the return path to the anode the electrons collide with ambient
cesium ions, exciting and ionizing them, and causing the outer luminous
zone to appear. This outer luminous zone is not directly involved in
the acceleration.

e. In the inner lumirous zone, confined by the magnetic nozzie, is
the entire input mass flow of cesium through which the arc current
passes. This cesium is heated to extremely high temperatures, and
accelerates as it expands in the magnetic nozzle. The pressure levels
within the maenetic nozzle are considerable {order of 1 mm) so that the
mean free paths for electron-ion coilisions are quite short,

Evidence for the Electrothermal Model of MPD Operation

evidence for this explanation of MPD arcjet operation is as follows:

a. Since the current is carried almost entirely by electrons, the cur-
rent flow and the input propellant flow are uncoupled; it is not necessary
that there be a specific number of ions created per second to account
for a given current filow, We have observed that the current can exceed
the flow rate of propellant atoms by such a large fac'or as to make
alternative explanations (entrainment, erosion of electrode material,
multiple ionization) unlikely. Further, the measurements of Lenn at
EOS indicate that the current even in the outer luminous zone (in argon}
tends to follow the magnetic field lines; if this current were being car-
ried by ions, because they can cross field lines while alectrons cannot,
there would be no n-ed for the current to be iied to field lines, This
observation suggests that the electrons are the current carriers.

b. Since the number of chaige carriers is large compared to the num-
ber of accelerated particles, each accelerated particle can obtain energy
from a number of charge carriers. Thus, an accelerated particle can
benefit irom a numter of particles which have fallen through the applied
potential, There is, then, no limit attached to the Isp as compared to
the accelerator terminal voltage.,

c. The magnetic effects make the pressure sizable in the acceleration
region, so that there are numerous collisions to transfer energy to the
ions,

d, The observed voltage patterns in the exhaust region are consistent
with this picture of MPD arcjet operation. The potentially useful energy
input is given by the product of the current and the voltage drop from
the cathode to the end of the magnetic nozzle. The rest of the voltage
drop between the nozzle surface and the anode is waste, winding up in
anode heating. In our cesium data, it has generally been the case that
the thrust power is a relatively small portion of the input power
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{corresponding to the fact that the voltage drop along the bright core
region is a small part of the total voltage drop), while the anode heating
power has been a large portion of the input power {corresponding to the
fact that electrons drop through a large potential in going from the bright
core to the anode, and then give up this energy to the anode as they
enter it),

e. In general, MPD arcjet thrust has been relatively insensitive to"
the magnetic field strenath, while the voltage has been much more
-sensitive to the magrnetic field strength. This is consistent with the
picture which has been given above; the primary function of the mag-
netic field is to establish the nozzle. Variations in the field strength

or configuration are analogous to variations in area ratio or divergence
angle of a nozzle. These have some efiect on the thrust, but, in gen-
eral, the thrust is not greatly sensitive to these quantities within a wide
range of variatimms., On the ciher hand, the voltage is involved prin-
cipally with the return of the electrons to the anods across the magnetic
field, and this is expected to be sensitive to the magnetic field strength.

f. In general, the voltage has been quite insensitive to the specific
impulse level. If the acceleration were predomdinantly through addition
cf directed kinetic energy to the plasma, one would expect the voltage
to climb with specific impulse {analogous to the back emf in a motor}.

3. Performance Calculations

Bzsed on this simple picture of the acceleration process, urder of magnitude
calculations have been made of thrustor performance. To date, a relation
has been obtained for the thrust as a function of the engine operating param-
eters, subject to a number of simplifying assumptions. The analysis is
proceeding in a direction such as to reduce the number of assumptions, and
to derive also a relation for the overall efficiency.

The nozzle shape obtained in the first order analysis of appendix E is com-
pared to measurements made from the photograph of figure 52 in figure 72
below. The theoretical nozzle shape was obtained simply by considering
the magnet to be a single turn of 15 cm radius, and by stipulating that no
plasma cross any magnetic field line. Starting with a circular cross sec-
tion of area A, at the cathode tip, the nozzle channel remains circular in
cross section with a cross sectional area which grows as

3/2
A=A Q1+ 2/r%Y
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where z is distance downstream, A, is unknown and was chosen as 1
cm” for convenience and to accord approximatelv with cbsezvations in the
inner luminous jet,

The measured points in'figure 72 are taken from the photograph of figure
52. The nozzle diameter at any z was taken to be the apparent width of
the luminous inner jet. This measurement is, admittedly, subjective
and crude; however, itisthought that within uncertainties of the order of
20 percent it is satisfactory. The agreement between the approximately
calculated magnetic